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ABSTRACT 
Biofuels are currently being explored as a carbon-neutral fuel alternative to petroleum-
based fuels. However, biofuels such as ethanol has lower energy density (~27MJ/kg) relative to 
petroleum fuels (~ 45 MJ/kg). Adding high-energy density particles (such as boron with heating 
value of ~ 58.5 MJ/kg) to biofuels can generate fuel slurry with higher energy density than the 
base fuel, and represents a potential strategy toward making biofuels more viable. However, the 
combustion of boron is inhibited (specifically, the ignition is delayed) by the initial presence of 
an oxide layer, and its high evaporation and boiling temperatures. The present study investigates 
the combustion behavior of commercially available boron nanoparticles and explores the 
underlying effects of the particle morphology and size on the combustion characteristics. 
Detailed characterizations of these particles (using XRD, SEM, TGA, BET surface area and 
porosimetry) have been carried out before (and after) injecting them into a controlled biofuel 
(ethanol) combustion environment.  
Measurements were made in the flame and of the particles captured post-flame. 
Chemiluminescence and spectroscopic measurements clearly showed evidence of intermediate 
species of boron combustion and these measurements were used to monitor the ignition and 
combustion characteristics of the boron particles.  The results show that particle size plays a 
major role on the burning behavior of the particles – larger particles have slower burning rate 
compared to the smaller counter parts.  The combustor’s exit temperature data suggest a positive 
thermal contribution and increased temperatures due to boron combustion and heat release. A 
near-linear trend in increasing temperature and energy release is observed with increasing 
particle loading.  
vi 
 
Efforts at catalytically coating the boron particle with cerium oxide have shown 
improvement in the boron ignition (reduction in ignition delay). The XRD and TG analysis of the 
post-combustion particles reveal that product particles contain boric acid or hydrated B2O3 and 
no un-burnt boron. The droplet combustion experiments conducted on the burning behavior of 
single ethanol droplet containing energetic nanoparticles of boron or boron-metals (iron, 
aluminum and titanium) nanocomposites suggest that improved ignition characteristics of boron 
can be achieved in presence of metal additives. 
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CHAPTER 1  
INTRODUCTION 
 The main focus of this study is the application of metallic or metalloid nanoparticles as 
fuel additives to the combustion of liquid fuel (particularly ethanol), broadly aiming at the 
application of biofuels for airbreathing propulsion systems. The major challenges in using metal 
particles as fuel additives are: the combustion efficiency may decrease significantly because 
these solid particles require an energy source to initiate the ignition/combustion (high 
temperature is required to vaporize the native oxide layers from the particle surfaces); and the 
available residence time in the chamber may not be sufficient to complete the combustion of the 
particles. These impose a need of fundamental understanding of the ignition and combustion 
behavior of the energetic particles of interest. Before going into detailed study, some background 
concepts of air breathing propulsion systems, the feasibility of biofuels as alternative energy 
sources, and the motivation behind the present study are discussed in Chapter 1.  The 
fundamentals of metal particle combustion along with discussions of the ignition and combustion 
mechanisms, previous modeling and experimental studies of boron particles combustion have 
been included in Chapter 2.  The subsequent chapters deal with the detailed descriptions of the 
experimental approach, results and analyses of the ignition/combustion behavior of boron 
nanoparticles, effect of catalyst coating on the ignition characteristics, and some 
recommendations for future work.       
1.1 Fundamentals of Airbreathing Propulsion Systems 
 Airbreathing propulsion systems use oxygen from the atmosphere to combust onboard 
fuel. Air-breathing engines are a sub-category of jet propulsion systems, and can be classified 
into two categories: (a) engines with rotating machinery such as turboprops, turbojets and 
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turbofans (b) engines without rotating machinery such as ramjets and scramjets. The gas turbine 
engine replaced the reciprocating engine due to increased demands of speed and size of the 
aircraft. Turbojet, turboprop, turbofan or turboshaft engines are different version of gas turbine 
engines used for propulsion applications.  The turbojet engine is the basic gas turbine type engine 
and others such as turbofan, turboprop and turboshaft are adapted from the turbojet 
(Balachandran, 2006). All jet propulsion engines (which even include non-airbreathing rocket 
engines) can be grouped together as chemical propulsion systems consisting of two major 
subassemblies: (a) gas generator and (b) propulsive nozzle (Balachandran, 2006). The main 
components of the gas generator are the compressor, combustor and turbine. As shown in the 
schematic of the turbojet engine (Figure 1.1) the air from the intake gets compressed in the inlet 
diffuser and compressor. The fuel and air are mixed and burnt in the combustor section,  and 
then hot gas expands through the turbine and the exhaust nozzle. This whole chain is involved 
for generating the thrust from the turbojet.  
 
 
Figure 1.1 Schematic of turbojet engine (Balachandran, 2006) 
 
 The turboprop and truboshaft use the principle of both a turbojet and a propeller engine. 
In these two engines the gas turbine has to drive not only the compressor but also to drive the 
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propeller. The components of a turboprop engine are shown in Figure 1.2.  A turbofan engine is a 
combination of turbojet and turboprop engines except the turbofan engine uses a low pressure 
compressor or fan instead of a propeller (Balachandran, 2006). The schematic of a turbofan 
engine is shown in Figure 1.3.    
 
 
Figure 1.2 Schematic of turboprop engine (Balachandran, 2006) 
 
 
Figure 1.3 Schematic of turbofan engine with front fan (Balachandran, 2006) 
 The ramjet engine is simple in design and it does not have rotary components (a 
schematic is shown in Figure 1.4). A ramjet cannot start by itself; it needs to be accelerated by 
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some other propulsion means. Instead of any mechanical compressor, it uses the inlet diffuser to 
achieve the compression of the intake air by ram effect. The main components of a ramjet engine 
are inlet, diffuser, and combustor and exit nozzle. The compression of air is achieved partially 
due to the shock waves at the inlet to the diffuser and partially in the diverging section of the 
diffuser.  The air is decelerated to a sufficiently low velocity into the combustion chamber so that 
the required fuel-air mixing and burning is possible. In order to get the mixture burnt and have 
stable combustion, some sort of flame holding device is used (Balachandran, 2006). 
 The speed of turboprops is limited to about Mach 0.7, whereas for turbojets and turbofans 
the speed is limited to Mach 3.0. Ramjets can operate between Mach 2.0 to 5.0 and Scramjets are 
employed for higher speeds (Timnat, 1996; Young, 2007).      
 
Figure 1.4 Schematic of ramjet engine (Balachandran, 2006)  
1.2 Biofuels as Alternative Energy Sources 
 Due to depletion of fossil fuels and their impact on environment especially green-house-
gas (GHG) emission, renewable energy sources are getting significant attention. Petroleum is the 
largest energy source consumed by the world’s population as shown in Table 1.1.    
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Table 1.1: World’s Energy Consumption in 2005 (Demirbas, 2008) 
Energy source % of total 
Petroleum 40 
Natural gas 23 
Coal 23 
Nuclear energy power 8 
Nuclear energy power 6 
 
 
 Apart from environmental problems, the other issue is the uneven distribution of 
petroleum in the world. The present energy system is not sustainable because of equity issues 
along with environmental, economic, and geopolitical concerns (Demirbas, 2009) On the 
contrary; the renewable energy sources are distributed more evenly. Therefore, sustainable 
renewable energy sources such as biomass, hydro, wind, solar (both thermal and photovoltaic), 
geothermal, and marine energy sources will be important entities in the world’s future energy 
supply (Demirbas, 2008). For example, Figure 1.5 shows US primary energy consumption in 
2010 where all forms renewable energy together accounted for 8% of the total consumption.   
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Figure 1.5: US primary energy consumption, 2010 (U.S. EIA, 2010) 
 Biofuels are derived from renewable feedstocks and can be solid, liquid, or gaseous fuels. 
Liquid biofuels are important because they may replace petroleum fuels in future. First 
generation biofuels are made from sugar, starch, or vegetable oils.  Second generation biofuels 
are produced from non-food crops, wheat straw, corn, wood, and energy crops using advanced 
conversion technology and third generation biofuels are made from algae (Demirbas, 2008). 
Ethanol is a prominent candidate biofuel which is widely used in Brazil and the United States; 
the two countries produce around 86% of the world’s ethanol fuel production in 2009 (DoE, 
2009). Most of the cars in the United States can run on blends of ethanol and gasoline. By 2010 
Brazil has reached 10 million flexi-fuel vehicles which can run on 100% ethanol (E100) (Janc, 
2010). Bioethanol is commonly produced from food crops. There is a concern regarding food 
prices because for bioethanol production a large amount of agricultural land is used. The recent 
development of cellulosic ethanol may reduce some of these concerns (Kinver, 2006). Cellulosic 
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ethanol could allow ethanol fuels to play an even much bigger role in the future (IEA report, 
2006).  
 The problem with ethanol is that it typically has much lower energy density than 
traditional petroleum based fuels such as gasoline or kerosene. To make ethanol a competitive 
energy source in comparison to gasoline, a potential strategy is increasing the energy density by 
synthetically adding higher-energy density additives. The use of metal particles as fuel additives 
will be discussed in detail in the next section.         
1.3 Energetic Metal Particles as Fuel Additives 
 Metals (and certain metalloids) possess desirable combustion characteristics in terms of 
higher heating values both gravimetric and volumetric. There are various possible candidates 
considered as additives for fuels and propellants such as aluminum, beryllium, boron, nickel, 
magnesium, zirconium etc. Of these, boron has the highest volumetric heating value among the 
commonly used fuel additives, and is second highest on a gravimetric basis, after the toxic 
beryllium. Figure1.6 shows the gravimetric and volumetric heating values of different energetic 
fuels in comparison ethanol. In table 1.2, the densities of different energetic materials have been 
listed along with ethanol. It can be noticed that all the particles except lithium, have much higher 
density than ethanol. This attribute is beneficial for volume-limited propulsion systems because 
density-specific impulse is an important parameter for such systems (Kuo et al., 2003).  
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Figure 1.6: Gravimetric and volumetric heating values of metal additives (Kuo et al., 2003) 
 
Table 1.2: Density of different fuels (Kuo et al., 2003)  
Material Density (g/cc) 
Aluminum 2.7 
Boron 2.34 
Beryllium 1.85 
Carbon 2.267 
Iron 7.87 
Lithium 0.534 
Magnesium 1.74 
Silicon 2.33 
Titanium 4.51 
Tungsten 19.3 
Zirconium 6.52 
Ethanol 0.789 
 
 Metals have been considered as additives generally to solid, gelled or slurry fuels. 
Goroshin et al. (2001) pointed out using some theoretical calculations that aluminum or boron 
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alone could provide substantial increase of performance over hydrocarbon fuels. Other 
researchers like Palaszewski (1997) and Mordosky (2001) have demonstrated that the aluminum 
particles can be added up to 55% with hydrocarbons to make gels. In a recent work by 
Palaszewski (2004), aluminum nanoparticles have been utilized as additive to gelled 
hydrocarbons in pulsed detonation engines. Slurry fuels which are the mixtures of solid particles 
in liquid fuels were in interest as high-energy fuels a few decades ago. Several previous 
experimental studies had been conducted to characterize the burning of slurry droplets mostly 
involving micron-size boron (Antaki et al., 1987; Takahashi et al., 1989; Wong et al., 1990; Lee 
at al., 1991), aluminum (Turns et al., 1987; Wong et al., 1987; Byun et al., 1999) carbon and 
blend of aluminum and carbon (Szekely et al., 1982; Sakai et al., 1983; Wong et al., 1989). In all 
these cases, the particles loading were quite high ~ 40-80%. The major difficulties observed in 
these studies that the burning of large agglomerates requires considerably longer time than that 
of individual particles. This is critical in determining the burning rates especially in the diffusion 
controlled regime (Cho et al., 1989). During slurry droplet combustion, there are several 
incidents may take place such as disruption/microexplosion as reported by Takahashi et al. 
(1989). They demonstrated that the disruption of primary droplet resulted in secondary 
atomization and might lead to enhancement in overall burning rate. Choudhury (1991) provided 
a review of the different experimental and theoretical studies conducted on slurry fuels.   
 Recent development in nanotechnology to produce, control and characterize the energetic 
materials have shown superior properties over their micron-size counter parts such as high 
specific surface area, ability to shorten the ignition delay and leading to more complete 
combustion (Yetter et al., 2009; Dreizin, 2009; Granier et al., 2004). Use of energetic 
nanoparticles as fuel additives for combustion enhancement of traditional liquid fuels is an 
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interesting concept. There are very limited or even rare studies performed on the ignition and 
combustion behavior of liquid fuel containing nanoparticles. Tyagi et al. (2008) studied the 
ignition properties of diesel fuel containing small amount of nano-aluminum using hot-plate 
experiment and showed that the ignition probability of nanoparticles laden fuel was higher than 
that of the pure fuel. Gan et al. (2010) studied the burning characteristics of n-decane and ethanol 
droplet containing nano and micron-sized aluminum and investigated the different burning 
behaviors of the nano and micron suspensions. There are several advantages of the high energy 
density materials: they can improve the power output of the engine and reduce the liquid fuel 
consumption which will consequently result in less CO2 and NOx emissions (Gan et al., 2010). 
The following table (1.3) has been prepared to show the gravimetric and volumetric heating 
values of hydrocarbon fuel (ethanol in our case) mixed with different percentage of boron 
particles on weight basis. Figure 1.7 shows a comparison of volumetric energy densities of an 
ethanol plus boron fuel relative to gasoline-only fuel. It can be seen that about 10% boron 
loading the energy density of the ethanol plus boron fuel matches that of gasoline, and suggests a 
pathway for making biofuels more viable alternative.  
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Table 1.3: Lower heating value of ethanol and boron combined fuels 
Fuel 
Gravimetric 
Heating value 
(MJ/Kg) Density (g/cc) 
Volumetric 
Heating 
value  
(MJ/m3) 
Ethanol 27.00 0.789 21.30 
Boron 58.50 2.34 136.89 
99%Ethanol+1% B 27.32 0.79 21.70 
98.5%Ethanol+1.5% B 27.47 0.80 21.89 
97.5%Ethanol+2.5% B 27.79 0.80 22.29 
95%Ethanol+5.0% B 28.58 0.82 23.32 
92.5%Ethanol+7.5% B 29.36 0.83 24.38 
90%Ethanol+10% B 30.15 0.85 25.48 
85%Ethanol+15% B 31.73 0.88 27.79 
80%Ethanol+20% B 33.30 0.91 30.29 
75%Ethanol+25% B 34.88 0.95 32.98 
50%Ethanol+50% B 42.75 1.18 50.45 
 
 
 
 
Figure 1.7: Ratio of energy density of combined ethanol and boron fuel to that of only-
gasoline 
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1.4 Motivation 
 The key performance metrics of a propulsion system are (a) volumetric heat release 
(which in turn thrust to weight ratio), (b) exhaust NOx emission or other pollutant emissions and 
(c) combustion dynamics. Increase in thrust to weight ratio will reduce the size of the propulsion 
device or increase the range (can go longer distance by the same amount of fuel).  Hydrogen is 
thought to be a choice for airbreathing propulsion systems because of its high gravimetric 
heating value, but it has several disadvantages which include:  large storage tanks due to low 
density of hydrogen, complexities in the systems due to liquefaction of hydrogen and hydrogen 
is considered to be more hazardous than hydrocarbon. Therefore, the hydrocarbon is the 
alternative. Other potential future fuels are biofuels, synthetic fuels. The biofuels (particularly 
ethanol) typically have much lower energy density than current JP-5, 7 and 8. The reduction of 
energy results in lower performance in terms of range and load carrying capacity (Coffin, 2008). 
Even with the development of new synthetic fuel production may not be able to maintain the 
future energy demand; to date new hydrocarbon fuels (e.g. JP-10) have volumetric energy 
densities only ~15% above that for JP-8 (34.2 MJ/liter) (Coffin, 2008).  
   To make biofuels more cost-competitive, a potential strategy is to increase its energy 
density by adding higher-energy density additives. Nano-sized metal powders have been 
considered as potential fuel additives because of their high specific surface area and ability to 
store energy in the surfaces. There are various possible candidates considered as additives for 
fuels and propellants such as aluminum, beryllium, boron, nickel, magnesium, zirconium etc. Of 
these, boron is very good candidate since it has high heating value on both gravimetric and 
volumetric basis. Boron was first used in rocket in early 1950’s and found have potential energy 
contribution, but was not stable during ignition (Coffin, 2008). Current development of 
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nanoparticles has opened up the possibility to overcome the difficulty with boron ignition. In a 
recent paper, researchers (Jain et al., 2010) reported that decrease in particle size of boron can 
enable the particles to ignite at lower temperature.  
 Since the volumetric heat release is an important parameter for volume limited 
airbreathing propulsion systems, the energetic nanoparticles can play a significant role in 
enhancing the energy release if burn along with the traditional hydrocarbon fuels. This can be a 
significant benefit in terms reduction in fuel cost for propulsion applications. Energetic 
nanoparticles can have several advantages such as: the particles can be dispersed over a wide 
volumetric region; they can significantly enhance the surface area of heterogeneously initiated 
combustion; these particles can be delivered to regions of interest using suitable aerodynamics. 
Most of the previous work have been based on the combustion of micron size boron particles and 
a very few studies have been done on the nano-sized particles. One of the major issues reported 
is the delay in ignition of boron particles. Several methods to enhance the ignition of boron 
particles proposed by different researchers: (1) faster removal of oxide layer of boron particles in 
a halogen containing (i.e. chlorine, fluorine) environment, coating of lithium fluoride and (2) 
coating of the boron particles with a thin layer of relatively easily ignited metals such as 
Zirconium, Titanium, Magnesium. The nanoparticles may be coated with catalysts and then 
increase in temperatures because of catalyst-enhanced hydrocarbon combustion can efficiently 
burn boron (reduce the ignition delay) (Coffin, 2008). Recently Devener et al. (2009) prepared 
ceria coated boron particles in a similar hope as above for improvement in boron ignition, but 
they did not report any ignition data of ceria-coated boron particles.  Definitely, there is a scope 
for making contribution towards the understanding of the ignition and combustion characteristics 
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of boron nanoparticles and its effects on the hydrocarbon combustion. Development of method 
for improvement in boron particle ignition is another motivation behind this research.    
1.5 Objectives/Goal  
 The overall goal of this research project is to determine the feasibility of energetic 
nanoparticles (boron nanoparticles in this case) as fuel additives to hydrocarbon fuels, in 
particular for low heating value biofuels used in air-breathing propulsion systems. Based on the 
review of the previous micron size and limited nanoparticle studies, the following objectives 
have been attained or are proposed.  
 Verify the ignition and combustion of boron nanoparticles in the flame environment of a low 
heating value biofuel such as ethanol; 
  Systematically determine the effects of particle size (down to the nanoscale) and 
morphology on the ignition and combustion behavior of boron nanoparticles; 
 Explore the physical and chemical characteristics of boron nanopaticles before and after 
combustion, which in turn may open up the possibility of regenerating the nanoparticles 
 Investigate the effects of boron nanoparticles on the hydrocarbon (ethanol here) combustion 
in terms of heat release  
 Mix boron and rare earth oxide nanoparticles to determine if there are catalytic- effects of 
rare earth oxides help improving the ignition of boron 
 Synthesize and test nanocomposites of boron with other metals  that ignite earlier than boron, 
in order to overcome the ignition delay associated with boron   
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CHAPTER 2 
LITERATURE REVIEW 
 This chapter provides some background concepts and review of the relevant studies done 
before on boron combustion. 
2.1 Brief Review of Droplet Combustion: 
 Considering the evaporation of single fuel droplet, one can write the evaporation co-
efficient v through the well-known d
2
 evaporation law (Kuo, 1986) as following 
                                                      
   
 
                                                      (2.1.1) 
where d0 is the initial drop diameter, d is the diameter after time t. The same expression has been 
found to satisfy for mass and heat transfer with chemical reaction (Kuo, 1986).  The evaporation 
co-efficient has been defined as: 
                                              
 
  
     
  
                                                      (2.1.2) 
Here, s is the solid phase density, s is the thermal diffusivity of the solid phase, l is liquid 
phase density and B is Spalding transfer number. The evaporation co-efficient (v) represents the 
magnitude of the negative slope of the line d
2
 vs t.  
In some cases of certain metals’ combustion regimes, the combustion behavior of metal particles 
seems to be analogous to liquid hydrocarbon droplet combustion. The total burning time, tb, can 
be determined by setting the final particle diameter to 0 (Young, 2007) 
                                                   
  
 
  
                                                                  (2.1.3) 
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This means the decrease in particles by 1 order of magnitude would decrease the burning time by 
2 orders of magnitude if this law is also applicable for metal particles. In this context, the 
nanoparticles would be very attractive for combustion systems with limited residence time 
(Young, 2007). The detailed discussions regarding the burning times of metal particle 
combustion can be found in the next section.  
2.2 Metal Particle Combustion Fundamentals 
 The combustion of metals in oxygen is classified into two categories: homogeneous (the 
process can occur with metal and oxidizer in the gas-phase) and heterogeneous (reaction of 
oxidizer with metal as condensed phase). Most of the metal oxides have very high boiling point 
and the flame temperature is limited for many metal-oxygen system which cannot exceed the 
vaporization–dissociation or volatilization temperature of the metal oxide product. The limiting 
flame temperature is resulted because the required energy to vaporize/decompose the metal oxide 
formed is greater than the energy available to raise the temperature of the condensed-phase oxide 
above its boiling point. The condition described by Glassman (1996) is following: 
                                              ( 
 
       
 
   )                            (2.2.1) 
Here QR is the heat of reaction of the metal at reference temperature 298K, (H⁰T,vol – H⁰298)  is 
the enthalpy required to raise the product to its volatilization temperature at the pressure of 
concern, and ΔHvap-dissoc  is the heat of vaporization–dissociation of the metal oxide. According to 
Glassman’s criterion (1996) for a metal to burn in the vapor phase the gas-phase temperature is 
required to be greater than the temperature of the metal boiling point.  
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Whether the metals that will burn in the vapor phase in oxygen can be determined by 
comparing the metal’s boiling point temperature to the temperature of dissociation or 
decomposition of the metal–product oxides to gas-phase molecules. When the species formed are 
all gas-phase species, the concerned temperature has been referred to as the volatilization 
temperature. Properties of metals and metal oxides for different metal-oxygen systems have been 
shown in the Table 2.1. 
Table 2.1: Various Properties of Metal and their oxides (Glassman, 1996; Yetter et al., 2009) 
Metals Metal 
Tbp (K) 
Metal 
Oxide 
Tvol(K) ΔH⁰f,298 
(kJ/mol) 
ΔHvol 
(kJ/mol) 
(ΔH⁰T,vol– ΔH⁰298) + ΔHvol 
         (kJ/mol) 
Al 2791 Al2O3 4000 -1676 1860 2550 
B 4139 B2O3 2340 -1272 360 640 
Be 2741 BeO 4200 -608 740 1060 
Cr 2952 Cr2O3 3280 -1135 1160 1700 
Fe 3133 FeO 3400 -272 610 830 
Hf 4876 HfO2 5050 -1088 1014 1420 
Li 1620 Li2O 2710 -599 400 680 
Mg 1366 MgO 3430 -601 670 920 
Ti 3631 Ti3O5 4000 -2459 1890 2970 
Zr 4703 ZrO2 4250 -1097 920 1320 
Si 3173 SiO2 2860 -904 606 838 
 Tvol is the volatilization temperature (or stoichiometric combustion temperature creating 
compound under ambient conditions T = 298 K, P = 1 atm).Tbp = metal boiling point at 1 atm 
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 From the above table it can be seen that metals like Al, Be, Ti etc the boiling point 
temperatures are significantly below than the respective decomposition temperatures of their 
oxides. For these metals combustion can proceed through homogeneous gas-phase. Similarly, Cr, 
Fe, Hf, Li, Mg, and Ti should also have the ability to burn as vapor-phase diffusion flame. On 
the other hand, B, Si, and Zr have higher metal boiling point temperatures than the 
decomposition temperatures of their oxides, so these would be expected to burn heterogeneously 
(Yetter et al., 2009) 
The mode of combustion may change depending on the available enthalpy (as a result of 
a change in the heat of reaction) if the form of the oxygen reactant is varied (Yetter et al., 2009). 
Since pressure has an effect on the volatilization temperature it also influences the homogeneous 
versus heterogeneous combustion.  
In table 2.2, the different dominant criteria for classification of metal combustion are 
listed which has been summarized by Williams (1997).   
Table 2.2: Classification of Metal Particle Combustion (taken from Yetter et al., 2009)  
 
From the table, Yetter et al. (2009) described three main criteria (described by three rows 
of the table) for overall classification of metal combustion. The first one is based on the energy 
equation described above (energy equation for Glassman’s criterion) which determines whether 
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the available energy exceeds the energy required to heat and volatilizes the final metal oxide 
product. The second criterion determines if the available energy exceeds the energy required to 
heat and vaporize the metal itself. If this condition matches for the combination of volatile oxide 
and volatile metal, then the metal will burn similarly as hydrocarbon droplet.  Burning of Carbon 
particles can be compared with the way where volatile product results from non-volatile metal. 
The similar analogy may be applied for second stage combustion of boron particles. Magnesium 
and aluminum particles combust in air at 1 atm with volatile metals and non-volatile oxide 
products. On the other side, the combustion of hafnium and zirconium in air at 1 atm are the 
examples of mode of combustion with both non-volatile oxide products and metals (Yetter et al., 
2009). The third criterion is the relevance of intersolubilty of the metal and its product (Yetter et 
al., 2009).  
2.2.1 Metal Particle Combustion Regimes  
 As mentioned in the previous section that the combustion modes (homogenous or 
heterogeneous) are affected by the thermodynamic properties of the metal and metal oxide. Even 
the formation of the final product can also be either heterogeneous process or homogeneous 
process (Yetter et al., 2009). In case of heterogeneous surface burning of a particle, consideration 
must be given to whether diffusion rates or surface kinetic reaction rates are controlling factors 
for the overall burning rate (Glassman, 1996). Length scale and hence time scale are important 
for mass and energy transport in case of metal particle combustion. It is considered that the 
transport time scales may be compared to chemical time scales to further define the combustion 
mode, which finally controls macroscopic information such as burning rates and ignition delays 
(Yetter et al., 2009). 
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 The regime is called Kinetic-controlled when the reaction rates are slow compared to the 
rates of mass and energy transport so that spatial non-uniformities are eliminated. For fast 
reactions the spatial gradients of temperature and species exist which cause diffusion of heat and 
species. In this case the reactants diffuse into the flame zone whereas products diffuse away from 
the flame zone. This type of combustion is diffusion-controlled. 
 Pressure and particle diameter have effects on the characteristic diffusion time relative to 
the kinetic time which in turn play an important role in determining the combustion regime. For 
diffusion controlled case and Lewis number unity (Le = α/D), the mass consumption rate of a 
particle per unit surface area with a particle radius rp in quiescent environment is (Glassman, 
1996; Williams 1985; Yetter et al., 2009) given by 
                                       
 ̇
    
    
  
  
                                                   (2.2.2) 
Here, B is mass transfer number, ρ is the gas density, D is mass diffusivity of the gas, α is 
thermal diffusivity of the gas. For a vaporizing particle, B is determined on the basis of a 
coupling function between the energy and oxidizer species equations, 
                                           
               
  
                                                 (2.2.3)                         
where i stoichiometric fuel–oxidizer ratio (mass basis), YO,  is the oxygen mass fraction in the 
ambient, H is the heat of reaction of the fuel per unit mass,  cp is the specific heat, T  is the gas 
temperature far from the surface, Ts is the surface temperature and Lv is the latent heat of 
vaporization. For heterogeneous surface reaction, B is determined from the coupling of fuel-
oxidizer species equations as following: 
                                             
            
        
                                         (2.2.4) 
Since the fuel is non-volatile, YF,S = 0 and BOF = iYO,  , the consumption rate becomes  
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 ̇
    
    
  
  
                                           (2.2.5) 
 The combustion time can be deduced by direct time integration   
                                             
   
 
             
                                      (2.2.6) 
Here, d0 is the initial diameter of the particle, p is the particle density and D is the product of 
the gas density and the diffusivity. 
 In case of kinetically-controlled combustion regime, the diffusion rate of oxygen is much 
faster than the reaction rate at the particle surface, then, XO,s is approximately equal to XO, . 
Therefore, the mass consumption rate per unit surface area is   
                                  
 ̇
    
                                                             (2.2.7) 
Here, XO,  is the oxidizer mole fraction, MWp is molecular weight of the particle, P is chamber 
pressure,  and k is the surface reaction rate with the oxidizer. Replacing mass of the particle by 
density times the volume of the particle and integrating both sides, the combustion time from 
initial particle size d0 to burnout can be determined as following:  
                                         
   
         
                                           (2.2.8)     
It is noticeable that in kinetically-controlled case, tb follows d
1
 law (Eq. 2.2.8) whereas in 
diffusion-controlled regime it follows d
2
 law (Eq. 2.2.6). Burning time tb is found to be inversely 
proportional with pressure under kinetically-controlled case whereas in case of diffusion-
controlled regime tb is independent of pressure. 
 The dominant combustion mechanism can be determined by Damkohler number (Da) 
which is defined as  
                                   
      
     
  
          
             
                                   (2.2.9) 
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   If Da=1 defines the transition between the diffusion and kinetic controlled regime, inverse 
relationship exists between the initial particle diameter and the system pressure for fixed Da 
(Yetter et al., 2009). The equation also implies that the large particles at high pressure are likely 
to experience diffusion-controlled combustion, and small particles at low pressures often lead to 
kinetically-controlled combustion (Yeh et al., 1996; Yetter et al., 2009).   For iYO,  <<1, it can be 
written that ln(1+ iYO, ) ≈ iYO,  (Yeh et al., 1996). They simplified the Da equation for boron by 
substituting values for the parameters as 
                          
   
  
                                                                    (2.2.10) 
Here, P is in atm and initial diameter d0 is in μm. According to Yeh et al. (1996) the equation 
(2.2.10) implies that the transition between diffusion- and kinetic controlled regimes of boron 
particles depends on the product of chamber pressure and particle diameter. For example, Pd0 = 
1 or Da = 1 means the chemical reaction time is equal to diffusion time. That means the 
combustion of boron particles is controlled by both the diffusion and kinetically controlled 
mechanisms. When Da << 1 or Pd0 << 75 atm-μm, the combustion mechanism is kinetically 
controlled and when Da >> 1 or Pd0 << 75 the combustion of boron particles is mainly controlled 
by diffusion (Yeh et al., 1996). 
2.3 Review of Boron Particle Combustion 
 This section summarizes the ignition mechanisms of boron particles as well as the 
previous experimental and theoretical studies on the combustion of boron particles.  
2.3.1 Ignition Mechanisms of Boron Particle 
The ignition temperature of different boron systems varies over a wide range as cited in 
literature: 800-1100K for large agglomerates of boron particles (Shevchuk et al., 1975), 1100-
1700K for particles suspended in gas (Zoloto et al., 1977) and 1850-1950K for single boron 
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particles (Macek and Semple, 1969). Previous experimental studies (Macek et al., 1969; Yeh et 
al., 1994) mentioned that boron particles combustion occurs in two successive steps: the first step 
involves the removal of the oxide layer, while the second step involves the burning of bare 
boron. Most of the boron particles contain an oxide layer on the surface. This pre-existing oxide 
layer plays a very important role in the ignition and combustion of process, more precisely, it 
delays the ignition process.  It has been suggested by other researchers (Yuasa et al., 1991) that 
the ignition of boron depends on a balance between the rate of boron oxide production and 
vaporization. Above a critical temperature the vaporization of B2O3 exceeds the production of 
B2O3. It is assumed that the vaporization of B2O3 (low melting point ~ 723K) happens in the 
same manner as ordinary liquid fuels (shown in equation below) (Yuasa et al., 1998).  
                                                                                                       (2.3.1) 
The vaporization rate of liquid B2O3 depends on the vapor pressure of B2O3 as a function of 
surface temperature. Burke et al. (1988) carried out a thermo gravimetric analysis of B2O3 in 
argon environment in the temperature range of room temperature to 1600°C. They found no 
noticeable changes in weight until the temperature reached 1200°C. Between 1300°C to 1400°C 
they found that the weight loss happened vigorously. Their TGA result is shown below (Figure 
2.1) for reference.  
 According to several experimental studies (Macek et al., 1969, 1971; Macek, 1972) it is 
generally believed that before the boron particle gets ignited, it undergoes a heatup stage during 
which the native oxide layer is heated mainly due to convective and radiative heat fluxes from 
the hotter surroundings. In this heatup stage (if the energy transfer is sufficient) the boron oxide 
layer goes through the phase change from solid to liquid and even part of the liquid phase to 
vapor phase if the temperature is high enough. There are several mechanisms exist on boron 
24 
 
ignition.  Two contradictory theories exist in first stage combustion of single boron particle. 
King’s (1974, 1982) model proposed that the oxygen diffused through the oxide layer to reach B-
B2O3 whereas Glassman’s (1984) proposition was the diffusion of dissolved boron through oxide 
layer to B2O3-gas interface. The heat required for vaporization of the oxide layer may be 
supplied from the heterogeneous reaction between oxygen and boron. As long as the sum of the 
rate of energy input due to heterogeneous reaction, convective, and radiative heat transfer is 
 
Figure 2.1 Thermogravimetric analysis of B2O3 from room temperature to 1600°C (Burke et al., 
1988)  
 
According to several experimental studies (Macek et al., 1969, 1971; Macek, 1972) it is 
generally believed that before the boron particle gets ignited, it undergoes a heatup stage during 
which the native oxide layer is heated mainly due to convective and radiative heat fluxes from 
the hotter surroundings. In this heatup stage (if the energy transfer is sufficient) the boron oxide 
layer goes through the phase change from solid to liquid and even part of the liquid phase to 
vapor phase if the temperature is high enough. There are several mechanisms exist on boron 
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ignition.  Two contradictory theories exist in first stage combustion of single boron particle. 
King’s (1974, 1982) model proposed that the oxygen diffused through the oxide layer to reach B-
B2O3 whereas Glassman’s (1984) proposition was the diffusion of dissolved boron through oxide 
layer to B2O3-gas interface. The heat required for vaporization of the oxide layer may be 
supplied from the heterogeneous reaction between oxygen and boron. As long as the sum of the 
rate of energy input due to heterogeneous reaction, convective, and radiative heat transfer is 
greater than the rate of energy loss associated with boron oxide vaporization, the particle 
temperature will increase. If this situation continues to exist to the point at which the remaining 
oxide layer is sufficiently thin, an abrupt increase in temperature will occur. The oxide layer will 
then be completely removed from the boron surface, and the full-fledged combustion 
(combustion of bare boron) will occur (Yeh at al., 1996). 
Li and Williams (1990) proposed (in agreement with Glassman et al., 1984) that during 
the ignition stage, boron could dissolve at the B-B2O3(l) interface and diffuses across the liquid 
layer; at the same time, a vitreous complex (such as BO-BO-BO) might form through the 
reaction between dissolved boron and B2O3(l). Figure 2.2 shows the comparison between the 
first-stage reaction mechanisms of a single boron particle proposed by King (1974, 1982) and Li 
and Williams (1990) respectively. To rectify the ignition mechanism of boron, Yeh et al. (1995) 
conducted an experimental study of boron particle ignition using Environmental Scanning 
Electron Microscope (ESEM). Results from their study supported the ideas of Li, Williams 
(1990) and Glassman (1984) that dissolution of boron would be more dominant than the oxygen 
diffusion in the boron ignition process.   
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Figure 2.2 Comparison of first stage ignition mechanisms [taken from Yeh et al., 1996] 
Dreizin et al. (1995) proposed that boron-oxygen solution might form during the first 
stage combustion (ignition). According to their suggestions the concentration of dissolved 
oxygen may increase continuously until the oxygen solubility limit is reached and then 
stoichiometric oxide is formed. This leads to the second stage combustion. In the second stage 
combustion the concentration of dissolved oxygen exceeds the solubility limit and hence the 
stoichiometric B2O3 formation occurs. According to their concept, the ignition delay observed in 
boron combustion is related to the time needed for a B-O solution to reach saturation. As per the 
suggestion mentioned in the study by Dreizin et al. (1995), the ignition delay can be reduced by 
increasing oxygen uptake by some coating of metals having greater oxygen affinity than boron 
(such as titanium, zirconium etc.) on the boron particle surface. Dreizin et al. (1995) has also 
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pointed out that the formation  of boron-oxygen solution during the combustion of boron 
particles  means the native oxide layer does not prevent  the boron surface reaction with oxygen 
at temperature much lower than the oxide boiling point temperature (2340 K which is generally 
considered as the transition point to the full-fledged combustion ). In contrast to this, the particle 
must liquefy at temperature in between the melting temperatures of boron and boron oxide i.e 
somewhere in the region of liquidus temperature of B-O binary system (Dreizin et al., 1995). 
This hypothesis can be explained from the phase diagram of the B-O binary system if available 
in literature.  
In practice, when boron is used as a ducted rocket fuel, it ignites and burns in the 
presence of hydrocarbons and their combustion products ( in which water vapor is one of the 
major combustion products) (Yoshida et al., 2000). In the study by Macek and Semple (1969) it 
was reported that the ignition temperature of boron decreased and the burning rate increased due 
to reaction with water vapor.  Vovchuk et al. (1974) also showed that the gasification rates of 
B2O3 were several orders of magnitude greater for temperatures up to 1400 K in presence of 
water vapor. As mentioned by other researchers (Yoshida et al., 2000), the ignition criterion of 
boron in moist oxidizers depends on a balance between the B2O3 production rate and its removal 
rate. The formation of B2O3 is due to following reactions (equation 2.3.2 and 2.3.3) of boron 
with oxygen and water vapor. 
                                                                                     (2.3.2) 
                                                                          (2.3.3) 
 As suggested by Brown et al. (1991), in presence of water vapor some reactions might 
gasify and remove B2O3 layer. Among which, the dominant reactions are equations 2.3.4 and 
2.3.5 which involve OH and H2O respectively. In the experiment conducted by Yoshida et al. 
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(2000), cold oxidizer and hot oxidizer were used. They suggested that the dominant reactant at 
the initial step might be H2O instead of OH since OH was absent in the gas phase. In case of 
experimental condition where boron is injected into the post flame region of hydrocarbon carbon 
combustion one would expect OH to play a role as well in the B2O3 removal process. 
                                                                   (2.3.4) 
                                                                              (2.3.5) 
Another reaction may be included which also involves in B2O3 removal process (not that much 
dominant) (Brown et al., 1991).  
                                                                                             (2.3.6) 
Brown et al. (1991) pointed out that O (g), OH (g) and H2O (g) would be considered as important 
initial gas phase reactants. The reaction rate of the reaction 2.3.5 decreases with decrease in 
temperature that is this reaction is kinetically controlled. The reaction 2.3.3 is diffusion 
controlled and hence does not depend on the temperature (Brown et al., 1991). The rate constant 
of reaction 2.3.3 is very fast (Gaponenko et al., 1981). Additional B2O3 is produced in moist 
environment than in case of with pure oxygen. This may lead to increase the thickness of B2O3 
layer as water vapor mole fraction increases (Yoshida et al., 2000). The reactions 2.3.1 and 2.3.4 
subsequently occur at the surface of the B2O3 layer and remove it. Simultaneously, H2 gas may 
be produced (reaction 2.3.3) as observed by Yoshida et al. (2000) which form bubbles and the 
bursting of bubbles helps physically to the removal process of B2O3. 
 The other ignition mechanism proposed by Konczalla (1993) is convective mode of 
boron particle ignition. In that study he discussed about two competing effects, oxide layer 
removal at the outer interface and formation of oxide at the solid-liquid interface which influence 
the layer thickness and its temperature. In the modeling study he has shown that the B2O3 film 
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may rupture at low ambient temperatures due to an interfacial instability. Surface tension 
decreases with temperature for most of other oxides. The surface tension–temperature 
relationship for boron oxide is quite different. Surface tension strongly increases with increase in 
temperature which results in positive Marangoni numbers (Shpilrain et al., 1974; Meinko¨hn, 
2004).  This induces tangential stresses which results in the interfacial instability (Konczalla, 
1993). Meinko¨hn (2004) concluded from the simulation study he conducted that boron oxide 
layer tends to be destabilized by growing punctures and ruptures in the low-temperatures regime 
of assisted ignition, where the ambient temperatures are below 1634 K, whereas punctures and 
ruptures tend to heal for ambient temperatures above 1634 K. 
2.3.2 Previous Experimental and Theoretical Studies on Boron Combustion 
  Though boron has high energetic potential, it is difficult to get complete boron 
combustion due to two reasons. First, most of the boron particles contain an oxide layer on the 
outside surface of the particle. This oxide layer inhibits the combustion process of boron and 
hence reduces availability of the energy from a given particle. Second, boron has high 
vaporization temperature (~4000K at 1 atm) (Foelsche et al., 1999). The melting point of oxide 
layer is much lower (723 K) than the core boron particle (2350 K). The oxide shell will melt 
before the solid core during heating of the particle and it leads to a diffusion-controlled process 
through the molten shell (Sullivan et al., 2009). The pioneering study of the ignition and 
combustion of single crystalline boron particles with average diameters of 34.5 and 44.2 m in 
the post-flame zone of a flat-flame burner was conducted by Macek and Semple (1969). Their 
study describes the most prominent feature of boron combustion that happens in two successive 
steps: the first step involves the removal of the oxide layer, while the second step involves the 
burning of bare boron. They also suggested that these two successive stages were separated by a 
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dark period. In their study they found that the ignition temperatures of boron particles to be 1860 
K in moist gases, and 1992 K in dry gases. Gurevich et al. (1969) studied the ignition and 
combustion behavior of 50-260 µm size crystalline and amorphous boron particles in hot stream 
of plasma generator. They found that crystalline boron was most difficult to ignite. Their results 
also showed the interesting trend: ignition temperature decreased with increasing water vapor 
content. Mohan and Williams (1972) also conducted experiments on ignition of both crystalline 
and amorphous in the particle size of 50-150 µm. They used the tip of 10 µm glass fiber to hold 
the particles and ignited by a pulsed laser in a chamber filled with known mixtures of oxygen 
and nitrogen. Their results supported the same trend observed by Gurevich et al. (1969). It was 
also reported that a long period of first stage burning for crystalline boron and almost explosive 
combustion for amorphous boron had been observed.   
Li et al. (1988) studied the combustion of single boron particle injecting the boron 
suspension co-axially into the hot stream of gases of flat-flame burner. They observed three 
types of boron flame plumes and measured their dimensions using a cathetometer. A bright 
yellow zone was interpreted as boron ignition, a white-glow zone as boron combustion, and 
bright green was identified as BO2 emission. The spectrum of BO2 emission is readily observable 
during both the ignition and combustion stages (Spalding et al., 1997). Macek et al. (1969) also 
found in their study that both BO and BO2 were present in both stages. 
 Yetter et al. (1988, 1991) developed a kinetic model of homogeneous gas-phase 
chemistry for B/O/H/C systems in the temperature range from 1800K to 3000 K. In their model 
they included 19 chemical species and 58 forward and reverse elementary reactions. From their 
modeling results they indicated that the initial stable suboxides and/or sub-oxyhydrides were first 
reduced to BO; the BO was then oxidized to BO2; and finally, the BO2 was reduced to either 
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HBO2 or B2O3. Their study suggests that the amount of HBO2 vs B2O3 in the products 
determined by the final temperature of and the amount of water (or hydrogen containing species 
in more general sense) which is largely governed by the following equilibrium relation.  
                                                                                         (2.3.7) 
Pasternack (1992) updated the models by Yetter et al. (1991) to include their experimental 
measurements and theoretical calculations of thermodynamic and kinetic data. They indicated 
HBO and HOBO as major reaction products. In particular, they explored the role of boron 
oxyhydrides as metastable species on the reduction of the overall combustion rate.  
 As discussed in the previous section (2.3.1), in the ignition of boron particles, boron 
oxide (B2O3) plays an important role. Vovchuk et al. (1974) conducted experiment to compare 
the B2O3(l) gasification rate in pure water vapor and dry air for a temperature up to 1400K and 
concluded that the gasification rates in pure vapor were much high than that of in dry air. The 
increase in gasification rate of B2O3 in wet (presence of water vapor) ambient gas was also 
confirmed by Komar et al (1984). Slutskii et al. (2007) studied the forward and reverse reactions 
in the H3BO3/B2O3/H2O system. According to them when hydrocarbon and boron burn together 
in air, B2O3 is formed which passes through an exothermic reaction with water and forms 
orthoboric acid H3BO3. The heat released in this reaction is around 107.7kcal/mol of B2O3 which 
might substantially increase energy release in the combustion (Slutskii et al., 2007). They studied 
the elementary reactions of forward and back conversion of H3BO3 into B2O3 and forward and 
reverse transformation of the (HBO2 .HBO2) into a stable dimer (HBO2)2. 
 According to Ulas et al. (2001) the energy release in the combustion of boron particles in 
hydrogen containing gases becomes lower due to the formation of HBO2.  Yetter et al. (1991) 
suggested that the hydrogen containing species could accelerate the gas-phase combustion 
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process, but they would promote the formation of HBO2. Ulas et al. (2001) used fluorine as 
oxidizing agent to remove the oxide layer of boron and their results suggested the disappearance 
of the “two-step” combustion process and reduced burning time. Earlier modeling study by 
Brown et al. (1995) included fluorine chemistry into the gas-phase kinetic models for B/H/O/C 
combustion. Model results showed that OBF(g) to be the major high temperature combustion 
product in B/H/O/C/F system, whereas HBO2(g) or B2O3(s) were the dominant reaction products 
in B/H/O/C systems. They suggested that in comparison to B/H/O/C systems, the gas-phase 
kinetics were as fast or faster with fluorine addition and the heat release rate was increased. 
However, this feature depends on the oxygen/fluorine mole ratio. Since the fluorine containing 
species are highly toxic and reactive, the feasibility of the experimental study is highly 
dependent on safe handling and special precautions. 
 The heats of formation of different species involved in hydrocarbon assisted boron 
combustion have been listed in table 2.3 (Yetter et al., 1991). As mentioned earlier, hydrogen 
containing species accelerate gas-phase combustion, large quantities of hydrogen promote the 
formation of HBO2 which is thermodynamically favored over gaseous B2O3 as the temperature 
drops. Because of that, when the combustion gases are cooled, gas phase boron may be trapped 
as HBO2 (Yetter et al., 1991). Recently Gany (2006) also performed a comprehensive analysis of 
boron combustion in airbreathing propulsion systems based on fundamental physical and 
thermochemical considerations. From energy perspective, the preferred end-product of boron 
combustion is liquid boron oxide whose heat of reaction is around -299.6 kcal/mol. If the 
formation of B2O3 happens through the reaction at temperature above the boiling point of B2O3, 
it would produce gaseous B2O3 which has heat of reaction almost one third lower (Gany, 2006). 
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According to Gany (2006), any reaction product other than B2O3 (l) implies reduction in energy 
release and hence considered an “energy trap”.  
 
Table 2.3 Heats of formation of different species of hydrocarbon assisted boron combustion 
(Yetter et al., 1991) 
Species Hf,298 (kcal/mol) 
B(s) 0 
B(l) 11.841 
B 133.83.0 
BO 02.0 
BO2 -682.0 
B2 198.38.0 
B2O 2325 
B2O2 -1092.0 
B2O3(s) -3040.5 
B2O3(l) -299.560.6 
B2O3 -199.81.0 
HBO -47.43.0 
HBO2(s) -191.870.20 
HBO2 -134.01.0 
H2BO2 -11415 
H3BO3 -237.160.6 
H4B2O4 -3075.0 
H3B3O3 -29110.0 
H3B3O6 -5433 
CO -26.420.04 
CO2 -94.0540.011 
H2O(l) -68.3150.01 
H2O -57.7950.01 
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O2 0 
H2 0 
O 59.5540.024 
H 52.1030.001 
OH 9.3180.29 
 
2.3.3 Boron Nanoparticle Combustion Studies 
Most of the previous studies conducted on boron combustion were based on micron size 
particles. A very limited data exists on the combustion of nano-sized boron particles. Recently, 
Young et al. (2009) experimentally investigated the combustion characteristics of boron 
nanoparticles in the post flame region of a flat flame burner in the temperature range of 1600-
1900K and oxygen mole fractions ranging between 0.1 and 0.3. They measured the ignition time 
extended to lower temperature cases as well and found that the ignition times were relatively 
insensitive to oxygen concentration in the range studied, and were affected only by temperature. 
They also observed that the second stage burning time did not follow either diffusion limited d
2
 
law or Kinetic limited d
1
 law, instead they found stage two burning time to be far less dependent 
on particle size than observations for larger particles. They explained this observation as effects 
of particle agglomeration.   
Risha et al. (2003) studied the effects aluminum, boron, and boron carbide nanoparticles 
on the regression rate in hybrid rocket engine. They used hydroxyl terminated polybutadiene 
(HTPB) as base fuel and made different fuels with varying amount of aluminum or boron/B4C 
nanoparticles. They found that the majority of fuels containing nanoparticles showed an increase 
in the linear regression rate than that of with plain HTPB.  
Sullivan et al. (2009) demonstrated the enhancement in reactivity of nanoaluminum-
based Metastable Intermolecular Composites (MICs) using nano-sized boron particles 
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conducting constant-volume combustion experiments. They suggested that the enhancement 
occurred when boron was the minor component (< 50 mol% of the fuel) and 700nm boron was 
less reactive than its nano-sized counterpart. 
Kuo et al. (2003) mentioned several advantages of incorporating energetic nano-particles 
into fuels and propellants, such as:  shortened ignition delay, shortened burn times leading to 
more complete combustion in volume-limited propulsion systems, enhancement in heat-transfer 
rates from higher specific surface area, flexibility in developing new energetic fuel/propellants 
with desirable physical properties, nano-particles can act as a gelling agent to replace inert or 
low-energy gellants, nano-sized particles can also be dispersed into high-temperature zone for 
direct oxidation reaction and rapid energy release, and enhanced propulsive performance with 
increased density impulse. Despite these apparent advantages, nanoparticles have some 
disadvantages. For example, boron particles have an oxide layer on the surfaces which not only 
slows down the ignition process but also occupies a large part of the volume of the particle 
which in turn reduces the available energy from the particle.      
2.4 Exhaust Particles Collection Methods and Regeneration of Nanoparticles 
 Low percentage of nanoparticles as fuel additive may improve the ignition and 
combustion property of hydrocarbon fuels, but the main disadvantage is exhaust particulate 
matters (PM). The particulate matters include metal oxide, some possible un-burnt metals and 
some soots if used with hydrocarbons.  Due to health and safety issues, these particulate matters 
need to be collected. Four major categories of particles separation and collection mechanisms 
are: by mechanical forces which include Cyclone, Impactor, Sedimentator and Centrifuge 
Separator (Since nanoparticles are likely to follow the movement carrier gas these mechanisms 
are inefficient) (Wen, 2010); by electrostatic forces such Electrostatic precipitator  (widely used 
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in electrostatic scrubber to remove charged particles from gases but limited application due to the 
low charging    probability at small  particle sizes) (Lee et al., 1982); by magnetic means which 
only work for some iron oxides. Since iron oxide may contain   α-Fe2O3, γ- Fe2O3 and Fe3O4 
(some of which are not having sufficient magnetic property) caution is required (Linderoth et al., 
1995). Other method is filtration technique such as organic/non-organic membrane filtration and 
bag filtration. Filtration appears to be most efficient method for collecting exhaust particles. 
Filtration of large particles is dominated by inertial collection process and the efficiency of 
which decreases with particle size. Diffusion mechanism dominates in nanoparticles collection 
and efficiency of which increases with the decrease of particle size (Wen, 2010).  Most air filters 
have low collection efficiency in the particle size range of 100 nm to 1micron lowest being at 
300 nm as shown in Figure2.3 (Lee et al., 1982). In case of nanofuel applications maximum 
portions of the exhaust particles may fall within the lower efficiency range. Further research is 
necessary as also pointed out by Wen (2010) to find efficient method to separate and collect the 
exhaust nanoparticles to improve the energy efficiency of nanofuels and reduce particulate 
emissions. 
The most common way collected boron oxide can be regenerated back to reactive boron 
is by the reduction of boron oxide with magnesium (Moissan Process) (Moissan, 1895). 
Gurevich et al. (1969) reported that amorphous boron was comparatively easier to ignite than 
crystalline boron. Therefore, it is important to recycle the exhaust product to amorphous boron. 
Sen et al. (2009) mentioned that amorphous boron could be obtained by the reaction of boric acid 
(H3BO3) with magnesium. Other methods of regeneration include the reaction of B2O3 with 
sawdust, and the reaction of boric acid with carbon and bromine. Since boron nanoparticles often 
lose their nanostructures after combustion (Sumpter, 2010), any process to truly regenerate boron 
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particles must also consider regenerating the nanostructures. Preservation of the nanostructure of 
iron nanoparticles after combustion has been demonstrated by Beach et al. (2007).  If the peak 
combustion temperature is higher than the vaporization/dissociation temperature of the oxidized 
particles, the gaseous oxide may be formed. Once the temperature decreases, the gaseous oxide 
products condense to liquid and solid phases, and will form different structures depending upon 
nucleation, sintering, and agglomeration processes (Wen, 2010). 
 
 
 
Figure 2.3: Characteristic particle capture efficiency of typical filtration system (Lee et al., 1982)   
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CHAPTER 3 
 EXPERIMENTAL APPROACH 
3.1 Liquid Fuel Combustor Setup 
 The atmospheric pressure liquid fuel combustion facility considered in this study is 
depicted in Figure 3.1. This combustion system consists of two concentric large area ratio 
nozzles. Swirl vanes at 45º angles are placed in the inner (primary air) and annular air (secondary 
air) streams at the exit of each nozzle. The flow rates of each of the inner and outer air streams 
are controlled and metered independently.  Water is sprayed on the outside wall of the chamber 
for cooling. The liquid fuel (190 proof ethanol: contains 5% water by volume) is sprayed into the 
8 inch by 8 inch square cross-section and about 24 inch long combustion chamber at the dump 
plane using eight liquid fuel pressure atomizers (with 0.3 mm orifices) equally spaced 
circumferentially, and located between the coaxial air streams as mentioned above (shown in 
Figure 3.2). It can be better understood from the Figure 3.4. If the primary air jet provided all the 
required air for combustion, a fuel rich region would be formed around the periphery of the air 
jet. To establish a more even distribution of the fuel and air an annular air jet was necessary. Two 
honeycomb discs were placed in the primary and annular air pathways as shown in Figure 3.3 to 
straighten the flow by removing any large lateral velocity fluctuations and swirling component. 
The detailed design and dimensions of this combustor can be found in the previous work of this 
research group (Allgood, 2001). The combustion chamber consists of optical windows made of 
optical grade fused quartz to provide access for optical diagnosis (Figure 3.2). Fused quartz has 
good optical property in the UV-visible range. More technical information on fused quartz can 
be found in Appendix A.  One side of the combustor wall has threaded ports at different heights 
above the dump plane for placing sensors and probes. The liquid fuel is supplied from a 10 
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gallons stainless tank pressurized by inert nitrogen gas (approximately. 1500 psi). The pressure 
of the fuel tank can go up to maximum 190 psi. The liquid fuel was fed through ¼ inch 316 
stainless steel tubing to the combustor. The flow rate of the liquid fuel was measured using a 
DigiFlow liquid flowmeter (Model: DFS-22WN) and controlled by a proportional control valve 
placed upstream of the flowmeter. This particular flowmeter has been used because it is designed 
for low range applications (operates in the range of 0.025-0.4 GPM). The flowmeter unit 
provides 0-5 Vdc output linearly with the flowrates. There is a provision to set the maximum 
flowrate required for particular application corresponding to 5 Vdc output and that way one can 
achieve better accuracy in the narrow flow rate ranges. The flow rate was controlled by the 
proportional control valve placed upstream of the flowmeter and the opening and closing of the 
valve was controlled by 1-5 Vdc triggering signal generated by the dSPACE data acquisition 
board. The flowmeter is good for variety of liquid fuels having viscosity in the range of 0.8 to 10 
cP. The flowmeter was calibrated for ethanol since ethanol was used as liquid fuel in this study. 
The flowmeter was calibrated time to time to check the repeatability. A typical calibration curve 
is shown in Figure 3.5.  
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Figure 3.1:  Liquid fuel combustion facility 
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Figure 3.2:  Photograph of the combustion chamber 
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Figure 3.3:  Schematic of the setup (particle injection through center tube)                
 
 
Figure 3.4: Top view of the setup 
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Figure 3.5: Calibration curve of the liquid flowmeter  
3.1.1 Particle Injection through Center-tube 
Nano-sized SB99 boron particles (SB Boron Corp.) were supplied from particle seeder 
(built in house as shown in Figure 3.8 ) into the combustor dump plane coaxial to the main flow 
stream. The loading was ~1 wt% of the total fuel flow rate. This air/particle suspension entered 
the combustor through a single central injector extending to the dump plane. The schematic of 
the experimental setup are already shown in Figures 3.3 and 3.4.  Since the focus of the study 
was on the verification of ignition and combustion of boron nanoparticles in ethanol flame, a low 
boron loading was used to avoid complications of windows becoming dirty and interfering with 
the optical diagnostics.  
The test parameters for this experiment were: 334 ml/min fuel flow rate, 0.4 m
3
/min inner 
air flow rate, 1.9 m
3
/min outer air flow rate, and 0.03 m
3
/min center air jet flow rate used for 
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particle suspension. Equivalence ratio (given by the symbol φ) is an important parameter in 
combustion studies and is defined as actual the fuel/oxidizer ratio divided by the stoichiometric 
fuel/oxidizer ratio. For fuel-rich systems, there is more than the stoichiometric amount of fuel 
and φ >1 and for fuel lean system i.e. excess oxidizer φ <1. The equivalence ratio (ER) for this 
flow condition was 0.83. Most of the data were collected at this ER, but other ERs (0.62, 0.70 
and 0.90) were used as well. Two cases were considered in detail. The first “without” particle 
case was for ethanol-only combustion (i.e. no particles) but with a center air jet through the 
particle injection hole at the same flow rate as used for particle injection.   The second case at 
normal conditions (particle injection) was denoted the “with” particle case. 
3.1.2 Particle Injection through Primary Air Inlet 
 Some changes were made to the setup of Fig. 1 in order to incorporate an increase in the 
particle loading. In Figure 3.3, the particle inlet (1/4 inch O.D.) was at the dump plane. In this 
case, increasing the particle/control air flow rate resulted in a flame lifted above the dump plane. 
Therefore a larger tube (1/2 inch O.D.) was placed at a height near the middle of the inner air 
delivery section (Figure 3.6); the particles were injected through this tube (top view, Figure 3.7). 
The test parameters with this modified configuration were: 290 ml/min ethanol flow, 0.77 
m
3
/min inner air flow (including the air to control the particle injection), and 1.63 m
3
/min 
annular air flow. The particle loading in this case was kept at ~0.11g/s, which was ~2.90 % of 
the total fuel (ethanol and boron) flow rate on a weight basis. The equivalence ratio here was 
0.69. The reasons for the increase in particle loading were: (a) to see the distinctive difference in 
the burning behaviors of the two different boron samples; and (b) to collect more burnt particles 
at the combustor exit in order to characterize the products of boron combustion.  The procedure 
for chemiluminescence imaging has been described in section 3.3. 
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Figure 3.6:  Setup for modified particle injection 
 
Figure 3.7: Top view of the modified setup 
3.1.3 Nanoparticle Delivery System 
 The particle seeder has been built based on the similar principle to that of reverse flow 
cyclone separator (Perry, 1963), but serves essentially the opposite purpose. Glass et al. (1977) 
46 
 
described that this method provided significant improvement over familiar techniques such as 
fluidized beds which suffered from irregular behavior due to inherent factors such as channeling 
and slugging (Orr, 1966). The particle seeder based on the reverse cyclone principle was also 
chosen by other researchers (Young, 2007). The particle delivery system (as shown in Figure 
3.8) consists of particle tank and vibrator to shake the tank which loosen the particles form the 
tank surfaces. The vibrator also provides a great help in achieving regulated particle flow rate. 
The particle tank is a 9 inch long cylinder of 5 inch inside diameter and two end caps. The seeder 
has been sealed with rubber gasket at the cylinder and end cap interfaces. One 1/2 inch steel pipe 
has been inserted through the top end cap for exhaust of the particle laden flow. There are four 
1/4 inch brass tube inserted up to around half way of the cylinder and ends of these tubes were 
45° bent to create the tangential flow. The similar type of 45° bent tube was used for creating 
particle seeded flow by Kounalakis (1990). The exhaust tube has been inserted through the 
center threaded hole of the top end cap and extended down to around 6.5 inches. For all the 
experiments, it was ensured that the particles loadings had never been more than 2.5 inch in 
height from the bottom surface of the seeder. On the cylinder wall there is marking from 0-3 
inches to see the particle content inside the tank. Air enters through the four 1/4 inch tubes down 
towards the bottom of the tank and before the air leaves the tank it forms a cyclone which 
entrains the particles into the air flow. There are four 1/8 inch holes on the bottom end cap for 
giving an additional suspension for the particles. A 1/2 inch PVC tube connected to the exhaust 
pipe of the seeder has been connected to the 1/2 inch stainless tube particle line which runs 
through the upstream section of the combustor (described in section 3.1.2).  
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(a)  
 
(b) 
Figure 3.8: (a) Schematic diagram and (b) Photograph of the nanoparticle delivery system  
The amount of particles placed in the tank before each test was kept almost constant 
because the particle flow rate was sensitive to initial amount of particles in the tank or more 
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specifically the distance between the particle interface and the exhaust tube. To check the flow 
rate from the seeder, tests were done by filling up the tank 3 times keeping the same initial 
amount of particles inside the tank every time. The particles were allowed to come out of the 
tank from initial time to 75 seconds and the weight of the tank measured every 15 seconds. The 
particle flow rate was calculated based on the change in tank weights (before and after) divided 
by the elapsed time (i.e. 15 seconds). Particle flow rates for 5 elapsed times for three different fill 
up cases have been shown in Figure 3.9. It was expected that the flow rates would be constant 
along the whole duration, but it was observed that the flow rate dropped near the end of the run 
in each fill up case. However, in any of the experimental cases of this study did not require 
running the particle seeder continuously more than 60 seconds (the longest time required only for 
burnt particle collection but not more than a minute). For each of the experimental cases the 
particle tank was thoroughly cleaned before putting new particles.              
               
 
Figure 3.9: Calibration of Particle flow rate from the Seeder 
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3.2 Spectroscopic Measurements 
 The spectroscopic measurements were carried out using a Monochromator (model: Oriel 
Cornerstone 130 1/8m) to identify the wavelengths of the peak intensities of emissions from the 
boron combustion intermediate species as well from the ethanol combustion species. The 
monochromator has a diffraction grating 1200 lines/mm (blazed at 350 nm) with a wavelength 
accuracy of 0.5 nm. It also has two micrometer driven slit assemblies for changing the slit width 
from 4 m to 3 mm. It is important to use the same width for input and output slit. The setup for 
the spectroscopic measurements is shown in Figure 3.10. A silicon photodetector connected to 
optical power meter through low noise BNC cable has optical transmission range from 185-1100 
nm. This optical range was sufficient since the main region of interest of this study was UV-
visible region. Both the optical power meter (Newport model: OPM 70310) and the 
monochromator are connected to the computer via RS232. For this study, Oriel TracQ Basic 
software (provide by the vendor) was used for data acquisition as well for communication with 
monochromator. The emission spectra were collected at different heights above the dump plane 
through a quartz sight glass inserted into the combustor side wall through instrument ports. A 
metallic pipe was used for blocking any stray light coming into the slit other than the emitted 
light from the flame. To be more careful, the room light was turned off during all the test cases 
so that the monochromator could capture the light only from the flame.  
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Figure 3.10: Schematic of the Setup for Spectroscopic Measurement 
3.3 Chemiluminescence Measurements  
  Chemiluminescence corresponds to emission of light due the transition of species from 
excited state to lower energy state. Chemiluminescence occurs when a certain chemical reaction 
in a chain of reactions produces some radicals or molecules in electronically excited state 
(Mayinger, 1994). The excited species mainly responsible for chemiluminescence observed in 
the combustion of hydrocarbon fuels are OH, CHO, CH, and C2 (Gaydon, 1974). The 
chemiluminescences of these excited species are considered to be important for studying the 
characteristics of combustion process such as reaction zone and heat release.  The radiative life 
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times of these excited species are in the range of 10
-8
 to 10
-6
 s (Gaydon, 1974; Muruganandam, 
2003) 
 Similar to hydrocarbon combustion, BO and BO2 are important intermediate species for 
boon combustion. Those are produced in both the ignition and combustion stages whereas BO is 
produced due to surface reaction (Macek and Semple, 1969). According to Foelsche et al. (1999) 
BO2 molecule is a reactive intermediate gas-phase species formed throughout the particle 
ignition and combustion.  Spalding et al. (2000) mentioned that BO2 was readily observable 
during both the ignition and combustion stages. BO2( g) gets converted to B2O3( g) or HBO2( g) 
products quickly depending on the temperature and amount of water vapor present as suggested 
by Yetter et al. (1991). Therefore, the useful information of boron combustion process can be 
obtained by monitoring the BO/BO2 chemiluminescences.  
 Chemiluminescence measurements were carried out using Princeton Instruments PI-
MAX 512x512 Intensified Charge Coupled Device (ICCD) camera with different narrow band 
pass filters as following: 4302 nm with 10 nm full width half maxima (FWHM) value for CH 
radical, 5462 nm with 10 nm FWHM value for BO2, and 5322 nm with 10 nm FWHM value 
for some blackbody radiations.  For verification of boron ignition and combustion, some 
supporting measurements were also carried out using a Melles Griot Photodiode with similar 
type of band pass filters. In each case 100 images were collected and averaged for data analysis. 
Statistical averaging with 200 and 300 image pairs yielded the same averaged data as with 100 
images. Post-processing of captured data was carried out using MATLAB image processing 
subroutines.  
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3.4 Temperature Measurements 
Temperature measurements were conducted using a Type B thermocouples (Pt-6%Rh, Pt-
30%Rh) rake with beads located at specified distance (Figure 3.11).  
 
Figure 3.11:  Type B Thermocouple rake 
 
This helped to measure the temperatures at different radial locations of the combustor 
simultaneously. The rake can be inserted to any instrument port to measure the temperatures at 
different heights above the dump plane. Type B thermocouples are suitable for oxidizing or inert 
environments in the temperature range of 0-1700ºC. The typical error is around 0.5%.  
3.5 Burnt Particles Collection 
 An important objective of the present study is to understand physical and chemical 
characteristics of the commercially available (or synthesized in lab) nanoparticles before and 
after combustion in a hydrocarbon (ethanol) flame. The fate of the boron particles as it undergoes 
burning, and the mechanisms involved, are not well understood. Therefore, it was necessary to 
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collect the products of boron combustion. To sample the burnt particles from the combustor a 
vacuum-pumped collection tube was placed at the top-most port near the combustor exit as 
shown in Figure 3.12. As the hot products passed through the suction tube, they became colder 
and stacked inside the tube wall and the ball valve. The sudden expansion in cross section the 
ball valve slowed down the flow and a sufficient amount of particles were collected to carry out 
the material characterizations. Before each test, the sample tube and valve were thoroughly 
cleaned by water and compressed air so to avoid any contamination from previous test. The 
product particle samples were also collected at two other locations: 5 and 10 inches above the 
dump plane for further analysis. . 
 
Figure 3.12: Schematic of the Exhaust Products collection system  
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3.6 Brief Description of Different Material Characterization Techniques used 
 Characteristics of the particles play an important role on the ignition and combustion 
behavior of metal/metalloid particles. This chapter provides a brief description of the different 
material characterization techniques used in this study. 
 3.6.1 Particle Size and Porosity Measurements 
The morphological characterization of nano-sized materials involves unique challenges 
(Son, 2003). However, some standard material characterization techniques are used such as SEM 
(Scanning Electron Microscopy) to get the image of the particles, Brunauer-Emmett-Teller 
analysis (BET) to obtain surface area and porosity, TEM (Transmission Electron Microscopy) 
for an idea of the particle size distribution as well as the crystal orientation of the particles. 
Scanning Electron Microscope (SEM) is a technique of high resolution imaging of surfaces. 
Instead of light SEM uses electrons beam to form an image. Its large depth of field and ability to 
render accurate surface features enables the SEM well suited for particle sizing and morphology 
studies (Hinds, 1999). The resolution of typical SEM is around 10 nm. Better resolution can be 
achieved with SEM made by FEI Company. In this study SEM imaging was performed using 
FEI Corp. Quanta 3D SEM at 5kV and 20,000-80,000 magnification. The non-conductive 
samples have problem of charging effect in SEM. To eliminate the charging of the particles, all 
the particle samples for SEM in this study were coated with thin layer of gold nanoparticles 
using a coat sputter. Surface areas were determined by N2 adsorption (BET method) using a 
Quantachrome AS-1 porosimeter. The surface area and porosity measurements were carried out 
by the collaborator of this project. The detail description of the method can be found in 
Hanberry’s (fellow student of the collaborating group) M.S. thesis (Hanberry, 2011).  
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 3.6.2 Determination of Elemental Boron by TGA 
Thermal Gravimetric Analysis (TGA) was carried out to determine the elemental boron content 
in the nanoparticles used in this study. TGA measures the change in weight of a material sample 
as function of temperature or time under a controlled atmosphere. The reactive boron content of 
each of the particle sizes was estimated by oxidation in 50 mL/min air at 800ºC over a long 
period of time, assuming the inactive material was mostly B2O3.  The stoichiometric ratio and the 
amount oxygen consumed (i.e. weight gain) during oxidation was used to determine the 
elemental content of boron in each sample. The stoichiometric equation of boron oxidation can 
expressed as                                                                          (5.1) 
                                                Or,                                          (5.2) 
The amount of elemental boron in mol % basis can be determined by: 
                        
          
                                
                       (5.3) 
Since the particles contained some moisture, it was noticeable that there was slight loss in weight 
in the initial heating region (<400°C) of the TGA runs. Let’s choose W0 is the initial weight of 
the particle sample and Wmin is the weight of the sample after the evaporation of water content. 
Therefore, this is the weight of the dry sample containing active boron and native boron oxide. 
All of the particle samples in this study had some native boron oxide contents; we first 
determined the amount of native oxide in each case using the following equation 
               z = (ω* Wmin) – ((wt%gain/100) * W0 *
    
             
)      (5.4) 
. 
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Here z is the dry weight of B2O3, ω is the dry weight fraction of the sum of B and B2O3 initially, 
and wt%gain is the change in wt% from Wmin to the maximum weight.  The wt% gain is the 
percentage gain in weight in the TGA which is the actually due the weight of the oxygen 
consumed by boron. In the equation 5.4 everything is known except z, so z can be determined.  
Therefore, the mol% of active boron can be determined as 
active boron (mol%) = 
              
           
          
           
 
 
       
                        (5.5) 
 3.6.3 X-ray Diffraction Analysis 
 X-ray Powder Diffraction (XRD) is an analytical technique used to get information about 
the crystallographic structure of materials and also to identify different crystalline phases present 
in the materials (Dinnebier et al., 2008). It can also be used to identify unknown materials by 
comparing the diffraction data against available data in International Center for Diffraction Data 
(ICDD)’s database. It is important to know the crystal structure of the feed boron particles since 
the crystallinity plays significant role on the burning characteristics (Gurevich et al., 1969). 
Almost all the XRDs were taken at the College of Engineering’s MCC (Materials 
Characterization Center), LSU. The diffractograms of different samples were collected on a 
Rigaku Mini-Flex diffractometer using Cu K radiation. The obtained XRD data were analyzed 
by MDI’s Jade software. 
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CHAPTER 4 
IGNITION AND COMBUSTION OF BORON NANOPARTICLES 
IN AN ETHANOL SPRAY FLAME 
4.1 Introduction 
 Recent developments in nanotechnology have enabled better control of the size and 
characteristics of the energetic nanoparticles, which have superior properties over their micron-
size counterparts, such as higher surface areas and the ability to shorten the ignit ion delay and 
ensure more complete combustion (Yetter et al., 2009; Dreizin, 2009; Granier et al., 2004). The 
use of energetic nanoparticles as fuel additives for combustion enhancement of traditional liquid 
fuels is therefore an interesting concept which has not been fully explored for a range of fuels 
and particle types. In particular, only a few studies have been conducted using nano-sized boron 
particles, including some recent investigations by Hunt and Pantoya (2005) and Park et al. 
(2005). They observed decreasing activation energies with smaller particle sizes, leading to 
increased reactivity. Parr (2003) reported that the lower activation energies led to lower ignition 
temperatures. Most recently, Young et al. (2009) studied the ignition and combustion 
characteristics of nano-sized boron particles (SB99 boron powder) in the post-flame region of a 
fuel-lean CH4/Air/O2 flame, with burner temperatures ranging from 1600 to 1900 K. They 
reported that the measured ignition times were inversely related to temperature. 
 Understanding the ignition and combustion characteristics of boron nanoparticles in 
ethanol, a representative biofuel with low energy density, could lead to making nanoparticle-
aided combustion a viable technology, and this motivation is a driver for the present study. We 
characterize the ignition and combustion behavior of SB99 boron nanoparticles (average particle 
diameter ~60-70 nm, average pore size 6.1 nm) injected into the air stream of an ethanol spray 
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flame. The characterization is done via chemiluminescence and spectroscopic data, temperature 
measurements and pre-burn and post-burn analysis of the injected boron particles. In addition, 
the effect of particle size on the ignition and combustion characteristics of boron nanoparticles 
has been examined by comparing the combustion behavior of the SB99 nanoparticles with those 
of larger, sintered particles having larger pore/particle sizes.   
4.2 Feed Particle Characterizations 
 To understand the effect of particle size on the ignition and combustion characteristics of 
boron nanoparticles, a boron sample (called “Sintered particles”) was synthesized in our 
laboratory starting with SB86 boron particles (SB Boron Corp.). While the nominal size of the 
SB86 boron, as reported by the manufacturer, is around 1 micron, this is actually the size of the 
agglomerates characterized by a Fisher Sub-Sieve Sizer (SB Boron). Our SEM data (Karmakar et 
al., 2011) show that the agglomerates were made up of individual particles that were 
approximately the same size as those in SB99 (diameter as given by porosimetery ~60-70 nm, 
separated by pores with ~6 nm openings), and combustion and TGA and SEM studies of SB99 
and SB86 revealed no essential differences between the two, also suggesting size similarity. 
Therefore to produce larger primary particle sizes, SB86 particles were heated in a tube furnace 
for 15 h in 250 mL/min N₂ at 1173 K. Test runs were made to determine the minimum 
temperature that gave the largest (most sintered) particles in a reasonable time, but without 
excessive boron oxidation.  
 The feed particle samples for the controlled combustion studies were characterized in 
terms of average particle size, structure and active boron content, which is the percentage of 
zero-valent boron. Figures 4.1 a-b show SEM images of SB99 and sintered boron. Surface area, 
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pore volume, and pore diameter measurements for the samples are given in Table 4.1. “Primary” 
particles refer to the smaller particles that make up the larger agglomerates; the surface area 
gives an estimate of the size of the primary particles, because it is evident from both the SEM 
images that there are some pores or spaces between primary particles. In the image for SB99 
(Figure 4.1a), agglomerates of smaller (primary) particles are clearly present.  These primary 
particles are of dimension consistent with the spherical diameter calculated from the specific 
surface area (Table 4.1). A similar observation for commercial boron nanoparticles was noted by 
Dreizin (2009), and the calculated diameter for SB99 of ~70 nm is in close agreement with other 
reported values (Yang et al., 2005). However, the SEM of the sintered sample (Figure 4.1b) 
shows distinct differences from SB99. The sintering process contracted and eliminated small 
pores between the primary particles, giving the particles more rounded features.  The particles 
now appear to be solid and in the range of 100-300 nm. The measured number is consistent with 
the calculated spherical diameter (Table 4.1).  The size of the primary particles calculated from 
the surface area is underestimated because measurement of the pore size distribution showed 
there were some smaller pores present inside these larger pores (Hanberry, 2011).   The pore 
volume of “sintered” is slightly less than the other sample, and its average pore diameter (Table 
4.1) considerably larger, because there are larger voids between the larger primary particles, as 
seen in the SEM image. Thus on average, the sintered batches consisted of particles that were 1.4 
to 3 times the size of the SB99, with voids (pore size) that were 6-7 times larger. 
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(a) 
 
(b) 
Figure 4.1: SEM images of (a) SB99 and (b) Sintered boron powders 
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Table 4.1 Particle characteristics determined from N2 adsorption-desorption measurements 
Sample SB99 Sintered 
Surface area (m
2
/g) 35 26 
Pore volume (cc/g) 0.16 0.15 
Avg. pore (void) diameter (nm) 6.1 39 
Calculated spherical particle 
diameter, from surface area (nm) 72 100 
  
 The reactive boron content of each sample was estimated using thermogravimetric 
analysis (TGA) by oxidation in 50 mL/min air at 800ºC over a long period of time, assuming the 
inactive material was mostly B2O3. In each case, there was a clear temperature associated with 
the maximum oxidation rate, and an asymptote indicative of the maximum amount of oxidation. 
As the particle size increased, the temperature associated with the maximum rate also increased 
(Table 4.2), suggesting that either the activation energy of oxidation was slightly lower for the 
smaller particles, or that diffusion of O2 was faster. Table 4.2 also shows the estimated reactive 
boron content (calculated from the asymptote) in the particles. Young et al. (2009) also 
performed TGA on similar SB99 boron particles and calculated a reactive boron content of 72% 
on a weight basis, in broad agreement with our results. Handling procedure affects the reactive 
boron content – the nanoparticles must be kept away from the atmosphere prior to use. The 
smaller nanoparticle aggregates (SB99) appear to oxidize faster at ambient conditions reflected 
by the nearly 30 K lower temperature for maximum oxidation in the data in Table 4.2. 
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Table 4.2 Chemical properties of feed boron particles 
 SB99 Sintered 
Active boron content by TGA  (mol %) 85 77 
Temperature at maximum oxidation rate (K) 1039 1066 
 
 The XRD data corresponding to SB99 (out of package) and sintered are given in Figure 
4.2, and show major peaks at 2θ = 36.8˚ and 43.0˚ for the SB99. Both peaks are characteristic of 
α-rhombohedral boron (JCPDS PDF# 12-0377). The broad peak widths suggest that the 
crystalline phase is composed of nanoparticles. The sintered sample’s diffractogram (Figure 4.2) 
shows a distinct peak at 2θ = 27˚, confirming the presence of crystalline B2O3 (JCPDS PDF# 06-
0297). In the sintering process, the oxide layer crystallized under high temperature (1173 K), 
resulting in a detectable amount of crystalline oxide. While the boron content in the sintered 
particles is comparable to SB99 (Table 4.2), it is mostly in the amorphous state and so does not 
show in the XRD plots of Figure 4.2. We have previously shown that bulk SB99 boron can also 
contain a detectable amount of crystalline H3BO3 (Karmakar et al., 2010); however, this is a 
result of the small amount of amorphous B2O3 present in the bulk particles hydrating over time to 
form the more crystalline H3BO3. 
 As mentioned earlier, the commercial boron nanoparticles have some agglomerated 
features where the specific surface area is similar to that of spherical nano-sized particles. These 
nano-sized particles are sometimes packed together to form the larger agglomerates. These 
agglomerates may be broken apart in the recirculation flow field of the combustor. To 
understand the distribution of these particles as they are injected into the combustor, some 
particles were collected on a carbon-coated copper TEM grid (400 mesh) using a sample probe 
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and a Millipore filter. The TEM grids were placed atop the membrane filter, so that when the air 
was sucked from the combustion chamber some particles settled on the TEM grids. This test was 
done when only air was flowing through the combustor. The TEM images (Figure 4.3) indicated 
a collection of individual nanoparticles whose dimensions were on the order of the particle 
diameters reported in Table 4.1, but also some agglomerates that were not fully broken up by the 
air stream. 
 
 
Figure 4.2: X-ray diffraction pattern of SB99 and sintered boron powder 
  
64 
 
 
Figure 4.3: TEM images of SB99 boron particles 
4.3 Identification of Boron Suboxides 
 In the present study, the boron flame shows two clear regions. Near the dump plane (the 
plane where fuel as well as particles were injected) the flame region was yellow-white, which is 
considered to represent both the ignition and initial combustion of boron particles, while in the 
region above the dump plane the flame was green in color, and this can be identified as the BO2 
emission region (Young et al., 2009; Foelsche et al., 1999; Eisenreich et al., 1987).  Since the 
electronic transitions of BO2 (Spalding et al., 1997; Pearse et al., 1976) are very energetic 
65 
 
(Maligne et al., 2009), their signatures from the flame can be tracked using a spectrometer.  
Figure 4.4 shows the UV-VIS spectra of the flame at a height ~5.5 cm above the dump plane. 
The strongest signals were obtained here for both the “without” and “with” particle cases. The 
solid line (“without”) shows the usual CH* and C2* peaks for hydrocarbon combustion.  From 
these data it is observed that the chemiluminescence of C2* at 516.5 nm can interfere with that of 
BO2 at 520 nm, as also observed by Maligne et al. (2009). From the spectroscopic results (Figure 
4.4) the peak at 382 nm was identified as BO emission and those at 497 nm (not shown), 520 nm 
(not shown) and 546 nm were identified as BO2 emission (Pearse et al., 1976), of which the 
emission at 546 nm is the strongest. The influence of C2 at 546 nm is very weak (Gaydon, 1974), 
therefore the selection of a band pass filter centered at 546±2 nm with 10 nm FWHM for 
capturing BO2 chemiluminescence is quite justified.  The presence of the peaks due to emission 
of BO and BO2 convincingly demonstrate that the boron nanoparticles are undergoing ignition 
and combustion in the region just above the dump plane. There is a possibility of overlapping of 
intensities of BO and CH at 430 nm which will be discussed later. 
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Figure 4.4: UV-VIS spectra in the post-flame region 
4.4 BO2 Chemiluminescence and Its Relation to Boron Ignition and   
Combustion  
 BO and BO2 are both important intermediates in boron combustion; BO2 is observed both 
in the ignition and combustion stages. To verify that BO2 was actually detected, rather than just 
black body radiation, images were captured with both a 546 nm and 532 nm filter; there are no 
BO2 bands in the vicinity of 532 nm. From the color intensity of the two averaged images 
(Figures 4.5a and 4.5b), the intensity levels for the 546 nm filter are at least twice than that of the 
532 nm filter. This intensity difference can also be verified from the photodiode results (Figure 
4.6). From Planck’s law, the radiance emitted over a wavelength range [2, 1] can be obtained 
via a direct integration process over the full width at half maximum (FWHM) value of 10 nm, 
from which we determine that the emitted black body radiation should be 35% higher at 546 nm 
than at 532 nm for 1600 K (Young et al., 2009). In order to perform a similar blackbody 
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radiation calculation from our data (instead of using Planck’s law), we have used the average 
temperature in the zone of strongest reaction (~5.5 cm above the dump plane). Using the peak 
average temperature as 1513 K (measured by thermocouple) and performing the integration in a 
similar fashion (Young et al., 2009)  as noted above, it was found that the emitted radiation over 
a 10 nm FWHM is 39 % higher at 546 nm than at 532 nm. This is consistent with the theoretical 
expectation from Planck’s law. From the image intensities shown in Figures 4.5a and 4.5b it is 
noted that the emission detected at 546 nm was much higher than at 532 nm for the “with” 
particle cases, and the corresponding photodiode data in Figure 4.6 revealed differences of a 
factor of 3, while for the “without” particle case (whose emission was subtracted from the 
images in Figures 4.5a and 4.5b), no significant emission was observed.  
 
(a) 
Figure 4.5 Averaged emission images after subtracting the emission associated with ethanol 
combustion (ER = 0.83) 
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(b) 
Figure 4.5 continued 
 
Figure 4.6: Emission intensity variation measured using a photodiode at ER = 0.83 
(after subtracting the emission associated with ethanol-only combustion) 
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 Figure 4.7 shows the BO2 chemiluminescence for different ERs. The BO2 intensity 
images can be used to locate the spatial boundaries of the primary boron combustion. As noted 
earlier, melting of the boron oxide layer and ignition of the boron presumably occurs in the 
initial yellow region of the flame followed by the green flame region where the primay boron 
combustion region occurs, and where the major BO2 chemiluminescence is observed. The 
boundary where primary boron combustion begins can be defined as the first location where 
visible emission is detected. Just after injection, there may be no visible emission from boron 
combustion, however in the downstream region a yellow/orange glow might appear depending 
upon flame conditions (Young et al., 2009). Li et al. (1988) attributed the yellow region to boron 
ignition. In the BO2 intensity images, almost no BO2 was observed close to the dump plane. 
Similarly, in other studies, at similar wavelengths, no BO2 emission was detected during ignition 
(Li et al., 1988; Young et al., 2009). The yellow region was seen to begin at roughly the upper 
surface of the dump plane, near where the particles were injected, extending at least 3 more cm 
upward (Figure 4.7), to where the green region began. The yellow zone residence time (or first 
stage combustion time) was calculated by dividing the yellow zone height by the jet velocity and 
was estimated as ~1 ms (Li et al., 1988).  
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Figure 4.7: Average BO2 emission images for different equivalence ratios  
     (after subtracting the emission associated with ethanol-only combustion) 
 In order to calculate the boron combustion time, the spatial boundaries were determined 
by averaging the intensity values along the rows (x-direction, defining the origin as the center) of 
the images and then plotting them in the y-direction (height above the dump plane). There are 
several methods used for calculating burning time, such as the constant intensity cutoff method, 
percent peak height method, and percent area method. The last is considered the least ambiguous 
(Olsen et al., 1996; Bazyn et al., 2005). Using the 95% area rule (Young et al., 2009), the spatial 
boundaries of the BO2 emission were determined. Figure 4.8 shows the representation of this 
method. Using the exit velocity of the particle injection tube at the dump plane (~ 49 m/s), the 
first stage combustion time was calculated as 0.7 ms, which is in broad agreement with other 
studies done using boron particles of similar size (Li et al., 1988; Young et al., 2009). Yeh et al. 
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(1996) measured the first stage combustion times of single boron particles with diameters 2-3 μm 
and reported a range of 1.5-2 ms.  From the BO2 emission images (Figure 4.7), it is observed that 
the top edge of the intensity profile is at ~8-9 cm above the dump plane, beyond which the BO2 
emission values decrease. The peak emission value presumably corresponds to the peak 
temperature location, and emission levels decay downstream with temperature and as the boron 
is consumed.  It was noted that the gap between the bottom edge of the BO2 intensity profile and 
the dump plane was somewhat reduced in the case of higher equivalence ratios (e.g., ER = 0.90), 
which also gave rise to higher temperatures. Similar observations (shifting of the edge of the BO2 
intensity profile towards the injection location with increase in temperature) were made by 
Young et al. (2009). 
 
 
 
Figure 4.8: Representation of spatial boundaries of BO2 emissions (percent area method) 
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4.5 Effect of Particle Size on Burning Behavior 
 The particle size has a great impact on the ignition and combustion characteristics of 
boron. In a recent paper, Jain et al. (2010) reported that a decrease in the particle size of boron 
can enable the particles to ignite at lower temperature. Their study was based on an investigation 
of micron sized particles. Kubota et al. (1992) studied combustion of solid fuels in a ducted 
rocket and found that combustion of boron with 9 µm particles was more difficult than 2.7 µm 
particles. For aluminum it was also found that nanoscale particles react at lower temperature than 
do micron-sized particles (Park et al., 2005; Parr et al., 2003; Mench et al., 1998; Bazyn et al., 
2006). Therefore, experiments were conducted to understand the burning behavior of the two 
differently sized boron samples considered here-SB99 and the sintered particles. Figure 4.9 
shows the TGA derivative weight % curves for the two samples. The smaller SB99 shows a 
greater peak in the weight change curve, and the peak associated with the maximum oxidation 
rate occurs at an earlier time and lower temperature than for the sintered particles. The exact 
values of the peak temperatures are reported in Table 4.2. Since the TG analysis is not an exact 
representation of how burning occurs in a real combustor, the chemiluminescence imaging of the 
BO2 emissions from these two particles was carried out in controlled combustion experiments. 
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Figure 4.9: Thermogravimetric Derivative weight curves of two boron samples 
  BO2 is readily observable during both the ignition and combustion stages and according 
to gas-phase modeling study (Yetter et al., 1991) BO2 (g) gets converted quickly to B2O3 (g) or 
HBO2 (g) products depending on the amount of water vapor present. Once the source of B/B2O3 
is consumed, then the source of BO2 (g) is as well. Therefore, monitoring the BO2 spectrum can 
characterize both boron ignition and combustion. The BO2 chemiluminescence images were 
captured at two optical windows (“bottom” and “top” windows). Figures 4.10a and 4.10b show 
the BO2 emission intensities of SB99 and sintered particles, respectively. It can be inferred from 
these two figures that the particles with smaller primary particle size (SB99) burned faster 
compared to the sintered particles, in agreement with the TG derivative weight curves (Figure 
4.9). Figure 4.10 shows that the highest intensity regions are downstream of the dump plane (also 
the particle injection plane). For SB99 the maximum intensity region is mostly confined within 
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the bottom window and clearly tails off in the second window, while for the sintered particles a 
high BO2 intensity exists further downstream, to the end of the second window. Clearly, the 
SB99 and the sintered particles exhibit different burning rates; this is quantitatively displayed in 
Figure 4.11 as axial distributions of the BO2 intensity, by averaging the intensity values along the 
rows of the images and then plotting them in the y-direction (height above the dump plane). 
Ignition delays of the two boron samples were determined from the BO2 intensity profiles.  Other 
researchers have defined the ignition instance as corresponding to the location where the 
intensity signal reached nearly 20% of its first maximum (Ermoline et al., 2010). Here, for a 
comparative assessment, the ignition tme was taken to correspond to when the BO2 intensity 
reached 25% of its maximum value. The ignition delay times were calculated by dividing the 
heights (corresponding to 25% of the maximum intensity) by the mean jet velocity (51.3 m/s) 
through the primary air inlet at the dump plane. The calculated ignition delays are 0.1 ms for 
SB99 and 0.4 ms for the sintered particles. The intensity vs residence time plot is shown in 
Figure 4.12. Both Figures 4.11 and 4.12 conclusively demonstrate that the sintered particles have 
longer ignition delay times and that that the burning zone, as identified by the BO2 
chemiluminescence region, is displaced farther downstream. Previous studies on micron-sized 
boron particles (10-50 μm in diameter) showed that the ignition delays increased linearly with 
initial particle diameter (Foelsche et al., 1999). Yeh et al. (1996) measured the ignition delay 
times of single boron particles with diameters of 2-3 μm and reported that ignition delays were 
around 1.5 ms. Even though the ignition delays for nano-sized boron particles show a similar 
trend (increase with increase in particle size) to that of with micron-sized particles, there is a 
significant decrease in ignition delays for nano-sized particles compared to the reported values 
for their micron-sized counter parts. 
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(a) 
Figure 4.10: BO2 chemiluminescence of two boron samples: (a) SB99; (b) Sintered particles 
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(b) 
Figure 4.10 continued 
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Figure 4.11: Averaged BO2 emission intensity variation along the combustor height 
 
Figure 4.12: Averaged BO2 emission intensity profiles vs. residence time 
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4.6 Effect of Boron Nanoparticles on Ethanol Combustion 
 While direct measurements of the heat release rate are difficult, chemiluminescence 
measurements of CH and OH radicals have been widely used to estimate the global heat release 
in hydrocarbon flames (Gaydon et al., 1979). Overall chemiluminescence is a line-of-sight (or 
field-of-view) measurement and is not suitable for resolving small-scale structure and local heat 
release (Ayoola et al., 2006). Rather, it should be construed as an integrated measure of heat 
release.  It has been argued that the OH radical is an indicator of burnt gases (Hanson et al., 
1990), and the CH radical as a marker for the reaction zone (Han et al., 2003), although there is 
some disagreement on these assumptions. In the present study, we have assumed the CH radical 
is an indicator of the global heat release distribution in hydrocarbon combustion. Figures 4.13a 
and 4.13b show the CH radical intensity for “without” and “with” particle cases, respectively. 
There is a clear increase in the CH intensity for the “with” particle case, nearly 70% greater. If 
we consider the blackbody radiation at wavelength 430 nm (FWHM of 10 nm), the emitted 
radiation is about 41% higher at 1513 K (peak average temperature for the “with” particle case) 
than that at 1490 K (peak average temperature for the “without” particle case). From the intensity 
images (Figures 4.13a and 4.13b) we observed a higher intensity difference for the “with” 
particle case, indicating increased heat release from the combustion induced by the presence of 
boron. This observation suggests that boron particles have a beneficial effect on the CH radical 
production in the flame. However, according to Pearse et al. (1976) there are some bands (433.9, 
434.2, 436.3, 436.6 nm) of BO in the vicinity of 430 nm. Therefore, the observed increase in 
intensity at 430 nm might also be partly due to a contribution from BO emission. 
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a) “without” particle case: 430 nm filter 
 
b) “with”  particle case:  430 nm filter 
Figure 4.13: CH radical intensity (ER =0.83) 
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 To resolve the issue of whether or not there is overlap between the emissions from CH 
radicals and BO, the chemiluminescence images have been captured with a 430 nm filter for 
different equivalence ratios (ER = 0.62, 0.70, 0.83,and 0.90) and shown in Figure 4.14. Figure 
4.15 represents the average intensity variation at 430 nm with the different equivalence ratios 
(ERs). The average intensity has been calculated here by dividing the sum of the pixel intensity 
of the averaged image by 512x512 (pixels). In both figures, the trend shows that the intensity 
increases with an increase in the ER; the ERs were varied by increasing the fuel flow rate and 
keeping the total air flow rate constant. This intensity increase is expected since greater amounts 
of fuel lead to a greater available pool of CH radicals. It should be noted that the increase in the 
CH radical values at an ER of 0.9 is nearly twice that at an ER of 0.7. Since the amount of boron 
was the same for both ERs, it is conjectured here that the increased emission levels must come 
from enhanced hydrocarbon combustion. 
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Figure 4.14: Chemiluminescence at 430 nm for different ERs 
 (left column: “without” particles, right column: “with” particles) 
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Figure 4.15: Average intensity (at 430 nm) variation with different equivalence ratios  
 To get a better understanding of the thermal contribution from the boron combustion, the 
exit temperatures (Type B thermocouple rake placed at the exhaust port of the combustor in 
Figure 3.6) were measured using SB99 particles for three different boron loadings: 2.9, 7.0 and 
10.6%, based on the percentage of the weight of the total fuel. All these temperature 
measurements were taken using the modified experimental setup (Figures 3.6 and 3.7).  The 
measured temperatures were corrected for radiation using the recommendations by Shaddix 
(1999). The effects of conduction through the wire and any catalytic effects on the surfaces of 
the thermocouples were neglected. The adiabatic flame temperatures for “without” and “with” 
particle cases were calculated using the NASA CEA code (Gordon et al., 1996), assuming 
complete combustion. The temperature difference between “with” and “without” particle 
conditions for these adiabatic cases have been compared with the experimental (after radiation 
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correction) values as shown in Figure 4.16. The experimental data show almost a linearly 
increasing trend with an increase in boron loading, which suggests enhanced heat release 
associated with the use of boron nanoparticles, above that generated by combustion of the 
particles themselves. The measured temperature values are lower than the calculated adiabatic 
temperatures, as may be expected due to the heat losses from the combustor. Exit temperature 
increases of roughly 125° C were achieved with about 10% boron loading, which is 60% of the 
maximum theoretical increase of about 200° C that is possible in an adiabatic system. 
 
Figure 4.16: Comparison of experimental with calculated adiabatic temperature increase 
4.7 Analysis of the Combustion Products of Boron Nanoparticles 
 A key question is whether the boron underwent complete combustion. Diffractograms of 
the collected burnt particles are shown in Figure 4.17. The diffractograms of the burnt samples 
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are similar for both SB99 and the sintered particles. There are major peaks at 2θ = 28˚ and 
smaller peaks at 2θ = 15˚ and 40˚ in both cases. These peaks are consistent with hydrated B2O3 
or boric acid (H3BO3), JCPDS PDF# 30-0019. There were no peaks indicative of elemental B or 
HBO2, suggesting that the boron nanoparticles were completely oxidized. Peaks at 2θ = 14.5, 
14.9, and 28.0⁰ are characteristic of relatively dry orthoboric acid, H3BO3 (Grigorovskaya et al., 
2009). It is common for B2O3 to absorb water from wet combustion exhaust (or even from the 
atmosphere) to form a film of crystalline orthoboric acid (H3BO3) on the surface of boron oxide 
(McCalla et al., 2002). The color of the product crystals was white, which is also consistent with 
crystalline boric acid.  It was observed that there were almost no peaks from 2θ = 30 to 75⁰, the 
range for many prominent peaks in boron’s common crystalline forms. Our analysis of the 
products also shows no crystalline HBO2 (a product characterized by much less heat release) 
present in the condensed phase. This is evident from the absence of XRD peaks at 21, 26, and 
28.8⁰ (Grigorovskaya et al., 2009) in Figure 4.17. 
 Thermogravimetric analysis (Figure 4.18) of reacted boron was also performed using the 
captured particulate products of combustion. The results showed a weight loss feature at <200ºC 
(peak maximum at 125ºC), probably associated with water loss. Stoichiometric calculations 
based on this assumption showed the sample to be 98% hydrated, which suggests that H3BO3 is 
the final quenched product. It is important to note that no increase in weight occurred throughout 
these TGA runs, which indicates that no residual elemental boron was present in any of the 
collected burnt particles, and all of the boron present in each sample was fully oxidized. 
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Figure 4.17: XRDs of combustion products of boron 
 
Figure 4.18: Thermogravimteric analysis of combustion products of boron 
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4.8 Concluding Remarks 
 The ignition and combustion characteristics of SB99 boron nanoparticles and sintered 
boron particles in an ethanol spray flame were studied. The sintered particles are at least 1.4 
times larger in diameter and have void spaces (pores) that are nearly 6 times larger than SB99. 
Spectroscopic measurements were carried out to identify the boron sub-oxides (BO and BO2), 
confirming boron combustion in the region above the dump plane. The ICCD images captured 
with a 546 nm filter (for BO2 emission) and 532 nm radiation further verified boron combustion 
in this region. XRD and TGA measurements of the burnt boron particles clearly indicate that all 
the raw boron in the nanoparticles is converted to boric acid for both types of particles. The 
temperature data along with the ICCD images captured with a 430 nm filter (for CH radicals) 
showed that the addition of boron particles positively affected ethanol combustion by enhancing 
the heat release, and that increases in exit temperatures of the order of 125° C were achieved 
with about 10% boron loading. 
 From the BO2 emission intensity profiles and the percent area method, the spatial 
boundaries of the boron combustion stages were determined. The BO2 intensity profiles clearly 
show a significant size effect with lesser ignition delay times for the smaller SB99 when 
compared to the larger sintered particles, and with the majority of the boron combustion 
accomplished over a shorter axial length for the SB99 relative to the sintered particles. 
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CHAPTER 5 
PRE- AND POST-COMBUSTION CHARACTERISTICS OF 
BORON NANOPARTICLES 
 
5.1 Introduction 
 The overall changes in particle morphology and composition associated with the 
combustion of boron nanoparticles in a hydrocarbon (e.g., a biofuel such as ethanol) flame are 
not well understood, and represent the motivation for this part of the project. This chapter mainly 
discusses the experimental study performed towards understanding the physical and chemical 
characteristics of the commercially available nanoparticles before and after combustion in a 
hydrocarbon (ethanol) flame. The efforts are focused on detailed characterization of the burnt 
nanoparticles to gain insight into the morphology and chemical properties of the solid products in 
the exhaust, which in turn, can further our understanding of the boron combustion.  
5.2 Pre-Combustion Characteristics 
The feed particles were characterized in terms of average particle size, structure and active boron 
content, which is the percentage of zero-valent boron. Figures 5.1a-b show SEM images of SB99 
and SB86 boron, which the vendor estimated by sieving as 60 nm and 1-1.2 microns, 
respectively. Figure 3a shows a typical SEM image of the SB99 particles, with single particles 
generally being smaller than 100 nm, but the image also shows that there are many aggregates of 
the smaller particles. These larger porous aggregates look to be partly sintered collections of 
<100 nm particles. Figure 3b shows a typical SEM image of SB86 boron, and it can be seen that 
many of the particles here are also <100 nm, although some look larger. These particles are 
partly aggregated as in SB99. Clearly, SB86 and SB99 possess similar microstructures; the only 
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differences are that the partly sintered aggregates are slightly larger for SB86. Both commercial 
samples really consist of aggregates of smaller nanoparticles, without clear evidence of an order 
of magnitude difference in particle size as expected from the sieving classification. 
 
(a) SB99 
 
(b) SB86 
Figure 5.1:  SEM micrographs of feed boron nanoparticles 
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Table 5.1 shows data from surface area and pore size distribution measurements. The surface 
areas and volume-averaged particle diameters calculated from the surface areas are similar for 
both types of particles. This indicates that the individual particles making up the larger 
aggregates in both cases are similar, and that the SB86 case, in fact, includes larger aggregates of 
the smaller particles. The smallest, ~60 nm, particles in SB99 are essentially the same size 
nanoparticles that are aggregated to form “larger” particles some of which reach agglomerated 
sizes of the order of 1 micron for SB86. Pore diameter and volume measurements in our case are 
mainly inter-particle measurements, because less that 10% of the total pore volume (of both 
SB86 and SB99) is present in pores of <5 nm diameter (Figure 5.2). The “pores” are actually 
interparticle crevices, and a smaller average pore size and volume, as in SB99, suggests slightly 
more efficient packing of the smaller particles. But taken together the results in Table 5.1 
indicate that in both cases the individual nanoparticles are similar in size and that the SB86 is 
actually made up of partly sintered aggregates of nanoparticles similar in size to those found in 
SB99. 
Table 5.1: Physical properties of commercially available boron particles 
Name and particle diameter 
(nominal) 
SB99 (60 nm) SB86 (1m) 
Surface area, micro (m
2
/g) 35 36 
Surface area, total (m
2
/g) 43 39 
Avg. pore diameter (nm) 6.1 9.5 
Pore volume cm
3
/g 0.166 0.197 
Spherical diameter (nm), 
calculated from total surface area 
59 65 
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Figure 5.2:  Pore volume distribution of the feed boron particles 
Figure 5.3 shows the diffraction data for both types of feed particles; the data are 
consistent with weakly crystalline boron. There is a trend toward increasing crystallinity with the 
increased aggregate size of SB86. Both diffractograms show primary peaks at 2θ = 36.8 and 
42.7⁰. The peaks can be identified as the reflection of α-rhombohedral boron (JCPDS PDF# 012-
0377). The data show that small amounts of both phases of boron are present in a mixture in the 
feed particles. The broad, low intensity peaks of SB99 show that the particles are mostly 
amorphous. The diffractogram for SB86 shows much sharper, higher intensity peaks than SB99, 
consistent with a higher degree of crystallinity, and more aggregated nanoparticles. The absence 
of peaks at 2 values of 14.5 and 28⁰ suggest no crystalline B2O3 within the detection limit of the 
XRD.  We have previously shown that bulk SB99 boron can contain a detectable amount of 
crystalline H3BO3 (Karmakar et al., 2010); however, this is a result of the small amount of 
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amorphous B2O3 present in the bulk particles hydrating over time to form more crystalline 
H3BO3.  
The reactive boron content of each of the particle sizes was estimated using Thermo-
Gravimetric Analysis (TGA) by oxidation in 50 mL/min air at 800ºC over a long period of time, 
assuming the inactive material was mostly B2O3. In each case, there was a clear temperature 
associated with the maximum oxidation rate, and an asymptote indicative of the maximum 
amount of oxidation. As the particle size increased, the temperature associated with the 
maximum rate also increased (Table 5.2), suggesting that either the activation energy of 
oxidation was slightly lower for the smaller particles, or that diffusion of O2 was faster. 
 
(a) SB99 
Figure 5.3:  XRD patterns of fresh feed boron particles 
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(b) SB86 
Figure 5.3 continued 
 Table 5.2 also shows the estimated reactive boron content (calculated from the 
asymptote) in the particles. Young et al. (2009) also performed TGA on similar SB99 boron 
particles and calculated a reactive boron content of 72% on weight basis, in broad agreement 
with our results. Handling procedure affects the reactive boron content – the nanoparticles must 
be kept away from the atmosphere prior to use. The smaller nanoparticle aggregates (SB99) 
appear to oxidize faster at ambient conditions reflected by the nearly 30
0 
K lower temperature for 
maximum oxidation in the data in Table 5.2. As mentioned by the vendor, magnesium (oxide) 
was present in small amounts for each sample. The boron nanoparticles are synthesized through 
oxidation of Mg metal. ICP-AES (inductively coupled plasma - atomic emission spectroscopy) 
was carried out to estimate the wt% Mg present in the particle samples which was observed to be 
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limited to about 3%. Despite the native (boron and magnesium) oxide formation, there is clearly 
a large percentage of boron available for combustion (85%-88%). 
Table 5.2: Chemical properties of commercially available boron particles 
 SB99 SB86 
Active boron content by TGA  (atom %) 85 88 
Temperature at maximum oxidation rate (K) 1039 1065 
Weight % of  Mg present  3.4 3.0 
 
5.3 Post-Combustion Characteristics 
 The products of combustion are collected and analyzed by XRD, TGA, SEM, and TEM. 
First, the products from SB99 and SB86 are compared, followed by a spatial analysis of the 
SB99 product in the post-combustion zone. The diffractograms of the combustion product 
particles are shown in Figures 5.4a and 5.4b; the two most prominent peaks present (2θ = 28.0 
and 14.5º), and the former’s high intensity and sharpness, are consistent with crystalline particles 
of boron oxide (Yang et al., 2005). Peaks at 14.5, 14.9, and 28.0⁰ are characteristic of relatively 
dry orthoboric acid, H3BO3 (Grigorovskaya et al., 2009). It is common for B2O3 to absorb water 
from wet combustion exhaust (or even from the atmosphere) to form a film of crystalline 
orthoboric acid (H3BO3) on the surface of boron oxide (McCalla and Bruning, 2002). The color 
of the product crystals was white, also consistent with crystalline boric acid.  It was observed that 
there were almost no peaks from 2θ = 30 to 75⁰, the range for many prominent boron peaks in 
boron’s common crystalline forms. Our analysis of the products also shows no crystalline HBO2 
(a product characterized by much less heat release) present in the condensed phase. This is 
evident from the absence of XRD peaks at 2θ = 21, 26, and 28.8⁰ (Grigorovskaya et al., 2009). 
Intermediate boron oxides and oxyhydrides would most likely be found in the flame region, as 
proven from spectroscopic measurements (Eisenreich and Liehmann, 1987; Morrison et al, 1969; 
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Karmakar et al., 2010). But given the high temperatures (calculated adiabatic flame temperature 
~1800 K, at which HBO2 is a thermodynamically favorable product, Yetter et al., 1991) and long 
residence times [~100 ms for the whole length (~ 20 inch above the dump plane) of the 
combustor and ~ 25 ms for the main reaction zone (up to ~ 5 inch above the dump plane)] used 
here, it is concievable that an intermediate oxide such as HBO2 could be formed. However,  on 
the basis of the XRD results we conclude that there is almost no boron or HBO2 present in the 
quenched samples, and that the boron particles are probably converted first to B2O3 (but we 
cannot exclusively rule out the presence of HBO2 in the flame region), and then to orthoboric 
acid upon low-temperature quenching. 
 
(a) product of SB99 
Figure 5.4:  XRDs of the products of boron particle combustion, collected near the exit of the 
combustor 
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(b) product of SB86 
Figure 5.4 continued 
 
 Figure 5.5 shows SEM images for combustion products of SB99 and SB86 nanoparticles. 
In comparing the two at similar magnifications, it is evident that the products of SB99 are largely 
plate-like, rounded edge structures, with some needle-like structures. The SB86 products are 
more defined with sharper edges, which is consistent with their more crystalline structure (Fig. 
6). The different product structures could arise from differences in the agglomerate size of the 
feed particles – the larger the agglomerate, the better chance for larger crystal formations. The 
HRTEM images in Figure 5.6 show fringe patterns for both products, indicative of crystallinity. 
From the HRTEM images the interplanar distance (d) may be determined as 0.32 nm (Figure 
5.6a) which is close to the d-spacing (d = 3.18 Ǻ) of strongest crystalline reflection (002) of 
H3BO3 [JCPDS PDF# 30-0199]. A similar interpretation indexing this peak to H3BO3 or hydrous 
B2O3 [JCPDS PDF# 06-0297] was made previously (Ekimov et al., 2006).  
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                              (a1)                                                                        (b1) 
    
                              (a2)                                                                         (b2) 
Figure 5.5:  SEM micrographs of product particles collected near the exit of the combustor (a1, 
a2, SB99; b1, b2, SB86) 
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                                                (a)                                                                 (b) 
Figure 5.6:  HRTEM images of product boron particles (a, SB99; b, SB86) collected near the 
combustor exit 
 Thermogravimetric analysis (Figure 5.7) of reacted boron was also performed on the 
particulate products of combustion. The results showed a weight loss feature at <200 ºC (peak 
maximum at 125ºC), probably associated with water loss. Stochiometric calculations based on 
this assumption showed the sample to be 98% hydrated, which suggests H3BO3 is the final 
quenched product.  The reaction of B2O3 with water to H3BO3 is expected to release another 450 
kJ/mol (of B2O3) in energy based on equilibrium thermodynamic calculations. 
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Figure 5.7: Thermograms of products of boron nanoparticles 
 To assess the possible changes in product composition as the particles are quenched, 
combustion product particles were also collected at two other locations closer to the dump plane, 
at 5 and 10 inches above it. Figures 5.8a and 5.8b show the XRD patterns of the product particles 
collected at 5 and 10 inches, respectively. There is actually a slight increase in the peak intensity, 
and therefore slightly increased crystallinity, for the products collected closer to the dump plane. 
McCalla and Bruning (2002) stated that crystalline anhydrous B2O3 produces a more amorphous 
BO(3+y)/2Hy upon exposure of B2O3 to humid air. In their work the amorphous phase was of 
average composition BO1.85H0.7. This amorphous phase co-exists with crystalline orthoboric acid 
(H3BO3) at higher water concentrations (McCalla and Bruning, 2002). In our case, it is expected 
that the condensed, absorbed water concentrations increase with distance above the dump plane, 
accounting for a slight decrease in crystallinity – as can also be seen by comparing Figures 5.4 
and 5.8. It was also noted from the SEM images that fully quenched particles are more rounded 
than those collected nearer to the dump plane – compare Figures. 5.9 and 5.10 with Fig. 7a. 
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 The SEM images of the collected SB99 and SB86 burnt particles are shown in Figures. 
5.5, 5.9 and 5.10. The particles appear to form agglomerates of larger size (~0.5-2 μm) than the 
feed particles, and their nanostructure is characterized by more regular particle shapes. Further 
analysis (crystal size estimation of the XRD-visible phase using the Scherrer equation) of both 
the products of SB99 and SB86 gives primary particle size estimates of 400-500 nm, but it is 
clear from Figure 5.5 that there are smaller (presumably less crystalline) particles present.  The 
larger agglomerates could have sintered from smaller particles, accounting for the visible cracks. 
Alternatively, during cooling the thermal stresses might have induced cracks in initially large 
burnt particles. The SEM and TEM images (Figure 5.11) of the product particles suggest that 
they can be easily broken to make smaller sized particles. This could be a useful attribute for the 
regeneration of boron nanoparticles from the combustion products.  
 
(a) 
Figure 5.8:  XRD of product particles of SB99 (a) collected at ~5 inches above the dump and  
(b) collected at ~10 inches above the dump plane 
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(b) 
Figure 5.8 continued 
    
                                    (a)                                                                      (b) 
Figure 5.9:  SEM micrographs of product particles of SB99 collected at ~5 inches above the 
dump plane 
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                                   (a)                                                                        (b) 
Figure 5.10:  SEM micrographs of the products of combustion of SB99 boron nanoparticles 
collected at ~10 inches above the dump plane 
 
                                      
                                             (a)                                                            (b) 
Figure 5.11:  TEM images of the products of boron nanoparticles (a, SB99; b, SB86) collected 
near the exit of the combustor 
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5.4 Concluding Remarks  
 The changes in the particle morphology and chemical property of commercially available 
nanoparticles before and after combustion in an ethanol flame have been investigated in the 
present study. Pre-combustion particles proved to be weakly crystalline, nano-sized aggregates 
with a high content of elemental boron. It was observed that these boron nanoparticles underwent 
almost complete combustion to boron oxide, and then absorbed water to form boric acid. XRD 
signatures of the burnt particles exhibited strong crystalline signatures of boric acid, with no 
visible signature of boron.  The sampled, burnt particles were found to be sintered clusters of 
particles larger in primary particle size than feed particles which could be easily broken (because 
of the cracks inside the particles) to give smaller particles. This characteristic may be useful in 
regenerating boron nanoparticles from the exhaust oxide products for reuse.  
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CHAPTER 6 
EFFECTS OF RARE-EARTH OXIDE CATALYSTS ON THE 
IGNITION AND COMBUSTION OF BORON NANOPARTICLES 
 
6.1 Introduction 
 As reported in numerous sources, the ignition of boron particle is inhibited or delayed 
due to the native oxide layer on the particle surface. The removal of the oxide layer (usually 
known as first stage combustion) occurs by its vaporization. This oxide removal process is slow, 
constituting a significant fraction of the total particle burning time (Ulas et al., 2001). Recent 
developments in nanotechnology have enabled better control of the size and characteristics of the  
energetic nanoparticles, leading to higher surface areas and the ability to shorten the ignition 
delay and ensure more complete combustion (Yetter et al., 2009; Dreizin, 2009; Granier et al., 
2004). A recent study (Karmakar et al., 2012) by our group investigated the effect of particle size 
on the ignition and combustion behavior of two distinct size groups of boron nanoparticles. It 
was observed in this study that the ignition delay was reduced for nano-sized particles compared 
to their larger counterparts and the boron nanoparticles underwent complete oxidation in the 
controlled combustion environment. However, the ignition delay has not been eliminated 
completely, even with the implementation of nano-sized boron particles.  
 Methods to enhance the ignition of boron particles proposed by different researchers 
(reviewed by Yeh et al., 1996) include: (1) faster removal of the oxide layer by ignition of the 
boron particles in a halogen containing (i.e. chlorine, fluorine) environment; (2) coating of the 
boron particles with a thin layer of relatively easily ignited metals such as zirconium, titanium, or 
magnesium. Ulas et al. (2001) fluorinated the oxide layer with fluorine itself, giving reduced 
burning times. However, fluorine is highly toxic and reactive, and impractical for large scale use.  
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A different strategy to promote complete and rapid combustion of the boron is to use rare earth 
oxide (such as cerium oxide) coatings which themselves catalyze the hydrocarbon combustion. 
Such coatings in turn may enhance the ignition of the boron particles by increasing the local 
heating. The catalytic function of cerium oxide is related to its redox ability, with a facile 
transformation from the +4 to +3 formal valence state. This transformation takes place by the 
formation of oxygen vacancies in its fluorite structure at temperatures well below ignition. In 
comparison to other conventional catalyst support oxides such as SiO2, Al2O3, MgO and ZrO2, 
the mobility of ceria’s surface oxygens is higher (Hardacre et al., 1994). These mobile surface 
oxygen species can be removed easily under locally reducing environments leading to non-
stoichiometric CeO2-x (0 ≤ x ≤ 0.5) (Perrichon, Ricken  Korner, Ranga Rao). For this purpose, 
Van Devener et al. (2009) prepared cerium oxide-coated boron nanoparticles by ball-milling, but 
they did not report any ignition data in their study. Therefore we have prepared several ball-
milled samples of boron and rare earth oxide (mainly ceria-based) and have investigated their 
effects on the ignition behavior of boron. There are no known prior studies on the effects of 
adding rare earth oxides to boron nanoparticles in hydrocarbon combustion systems. Inexpensive 
commercial boron nanoparticles were used as the feedstock for the ball-milling process. 
6.2 Synthesis of Boron/Catalyst Feed Particle Samples 
 The particle sample names and corresponding nominal compositions are given in Table 
6.1. The purchased boron nanoparticles (SB86-Bulk, SB Boron Corp.) were used as feedstock 
for the ball-milled samples. SB86-BM was prepared by milling SB86-Bulk in a glove box (N2 
environment) for 5 h using 440 Nitronic stainless steel balls at a ball mass/particle mass ratio of 
5. Variations on this method (time, ball mass/particle ratio) in trial runs were employed before 
deciding upon the final procedure. The basis for selecting the optimum method was to keep the 
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elemental boron content in the sample close to that of SB86-Bulk while sufficiently reducing the 
average particle size as shown subsequently.   
 For preparing boron/catalyst composites, two different rare earth oxides were used. The 
first, denoted REOm-41, contained CeO₂, La₂O₃, and Gd₂O₃ with molar ratios Ce/La of 3 and 
Ce/Gd of 80, prepared by a templated sol-gel procedure developed elsewhere (Kalakota, 2008). 
The second set of catalyst mixed samples was prepared by the same ball milling method, but 
using commercially available CeO2 nano-powder (Inframat Advanced Materials) as catalyst. One 
additional sample 80B-20CeO2-Blend was prepared by just hand mixing, for comparison 
purposes.        
Table 6.1: Naming convention and properties of nanoparticle samples 
Samples Nominal Composition, wt% Surface Area, m
2
/g 
[Karmakar et al., 2011] 
SB86-Bulk 
SB86-BM 
95B-5REOM 
 
80B-20REOM 
 
REOm-41 
80B-20CeO2 
 
60B-40CeO2 
 
80B-20CeO2-
Blend 
CeO2 
SB86 boron: commercial boron particles 
Ball-milled SB86  
95% of SB86 boron + 5% REOm-41, 
prepared by ball milling 
80% of SB86 boron + 20% REOm-41, 
prepared by ball milling 
1% Gd2O3, 24.6% La2O3, 74.4% CeO2  
80% of SB86 boron + 20% CeO2, prepared 
by ball milling                                                        
60% of SB86 boron + 40% CeO2 catalysts, 
prepared by ball milling 
80% of SB86 boron + 20% CeO2, prepared 
by hand mixing 
Commercial CeO2 
          39 
          38                                                             
          40 
 
          53 
 
          120 
          37 
 
          38 
 
   
 
          38               
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6.3 Characterization of Different Samples 
 The physical and chemical properties of different feed particle samples were determined 
by scanning electron microscopy (SEM) to find particle size and observe agglomeration, X-ray 
diffraction (XRD) to determine the crystalline phases of boron and the oxide catalysts, 
temperature-programmed oxidation (TPO) in a thermo-gravimetric analyzer (TGA) to measure 
the elemental metal content, and finally X-ray photoelectron spectroscopy (XPS) to determine 
the surface chemistry of boron/ceria ball-milled samples. TGA weight curves during TPO were 
measured in flowing air with a Perkin-Elmer TGA-7 using ~25 mg suspended in a Pt pan, in 50 
mL/min gas flow. The samples were first cleaned and dried at 400⁰C in He for 20 min, then 
contacted with air while the temperature was ramped at 5⁰C/min to 800⁰C with a 14 h hold.  
SEM imaging was done on an FEI Corp. Quanta 3D SEM at 5kV and 20,000-80,000 
magnification. To reduce the effects of charging, the particles were coated with gold by 
sputtering. The XPS (X-ray Photoelectron Spectroscopy) characterizations of the ball milled 
samples of boron and cerium oxide were carried out using Krato AXIS-165 XPS/Auger surface 
analysis system. Al Kα X-ray source was used for the XPS analysis. The powder samples were 
mounted on a thin sticky carbon tape and placed in the ultra-high vacuum (10-9 torr) chamber of 
the XPS system for overnight before analyzing. The spectra were corrected based on the 
reference spectra of carbon C1s. XRDs were taken at LSU MCC (Materials Characterization 
Center). All samples were analyzed at 2θ values from 10 to 70º, with a step size of 0.02º, and a 
rate of 1˚/min. Particle size estimates were calculated using the Scherrer equation: 
                    crystal size (nm) = 
   
           
     (6.1) 
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where K is the shape factor, assuming the typical value of 0.9, λ is the wavelength of the source, 
(1.52 nm), and FWHM is the full width of the peak at half height. Diffractograms were 
compared to those from the International Center for Diffraction Data’s (ICDD) database in order 
to identify the crystalline phases.  
6.3.1 Representative SEM Images 
 The representative SEM images of the particle samples are shown in Figures 6.1a-d. The 
SEM image of SB86-Bulk (Figure 6.1a) shows that many of the particles here are in the range of 
20-100 nm, although some look even larger. Particle size specification for this commercial boron 
sample (1 m) was provided by the vendor using the Fisher Sub-Sieve Sizer (FSSS) to measure 
size. This is a measure of agglomerate, not primary particle size, when particles are mostly 
agglomerated. In a previous study (Karmakar et al., 2011) from our group, the detailed 
characterization of SB86-Bulk sample morphology was reported; it is actually made up of partly 
sintered aggregates of nanoparticles of size 60-70 nm. The SEMs of SB86-BM, 95B-5REOM, 
and 80B-20REOM (Figures. 6.1 b-d) also show numerous aggregates of the more primary 
particles. Some of these aggregates appear larger in these samples than in SB86-Bulk; this could 
be due to caking and further agglomeration in the ball mill.  These three samples appear similar 
because they were prepared in the same fashion with the same starting boron material. In the 
case of the two samples of containing the mixed rare-earth oxide REOm-41, the SEMs images do 
not show any distinct difference.  
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                            (a) SB86-Bulk                                                         (b) SB86-BM 
    
                            (c) 95B-5REOM                                                      (d) 80B-20REOM 
Figure 6.1: Representative SEM images of different samples 
6.3.2 XRD Analysis 
 Figures 6.2 and 6.3 show the diffraction data for different feed particles. SB86-Bulk 
shows major peaks at 2θ = 36.8˚ and 43.0˚. Both are characteristic of α-rhombohedral boron 
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(JCPDS PDF# 12-0377). The broad peak widths suggest that the crystalline phase is composed 
of nanoparticles. The crystal sizes have been calculated for SB86-Bulk particles applying 
Scherrer equation at two XRD peaks (2θ = 36.8˚ and 43.0˚). The calculated crystal sizes are 280 
nm and 340 nm (Hanberry, 2011).  These sizes represent the larger crystallites only, not 
amorphous particles or very small crystallites. The primary particle size for this bulk sample was 
determined from the BET surface area and reported in our previous article as 60-70 nm 
(Karmakar et al., 2011). The samples SB86-BM, 95B-5REOM, and 80B-20REOM (in Figure 
6.2) show no significant peaks in the region scanned, and appear to be composed of amorphous 
or very small particles. In case of SB86-BM, two small peaks at 2θ = 36.8˚ and 43.0˚ confirms 
the presence of some crystalline boron, but the intensity is weak. The mechanical milling process 
used in the preparation of these samples may have broken down the larger crystallites present in 
the starting materials. In the case of both 95B-5REOM and 80B-20REOM, there was no 
significant peak can be visible, except for a small peak at2θ = 38.1˚ in case 95B-5REOM, 
indicative of CeO2 (JCPDS PDF# 34-0394). The commercial CeO2 shows much more 
crystallinity as shown in Figure 6.3, and the peaks are in agreement with those for fluorite CeO2 
(JCPDS PDF# 34-0394. This is not surprising in that it is the pure oxide. The ball-milled samples 
prepared using this commercial CeO2 show the same peaks for fluorite CeO2 in the XRDs; no 
crystalline phases of boron are present, similar to that of the ball-milled samples of SB86-Bulk 
and REOm-41. 
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Figure 6.2: XRD patterns of boron and boron – rare earth oxide composite particles 
 
Figure 6.3: XRD patterns of particles containing CeO2 nanoparticles 
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6.3.3 Elemental boron in the feed particle samples by TGA 
 It is assumed that in TPO that all weight gain arises from the oxidation of boron to B2O3.  
Therefore from this gain the percentage of elemental boron, active for oxidation, can be 
determined the remaining material is assumed to be already B2O3.The calculated percentages of 
elemental boron are given in Table 6.2. There is a slight reduction in elemental boron in all the 
ball-milled samples compared to bulk boron. This could be due to the ball milling process which 
caused agglomerates to break apart, uncovering some bare boron which could be oxidized upon 
contact with air in the handling process, as the formation of an oxide shell. However, the ball-
milled samples still average about 80% elemental boron.  
Table 6.2: Elemental boron in different samples 
Samples Elemental boron 
(mol%)* 
SB86-Bulk 
SB86-BM 
95B-5REOM 
80B-20REOM 
80B-20CeO2 
60B-40CeO2 
87 
82 
77 
79 
80 
81 
                                                  * On a CeO2-free basis 
6.3.4 XPS for boron milled with cerium oxide 
 To understand the surface chemistry of the ball milled samples (boron with catalysts), 
analysis by X-ray Photoelectron Spectroscopy (XPS) was carried out on two representative 
samples, 80B-20CeO2 and 60B-40CeO2. Figures 6.4a and 6.4b, respectively, show the B 1s XPS 
spectra of these samples. According to previous work (Wagner et al., 1979; Van Devener et al., 
2009), boron particles with a partially B2O3 shell layer show an intense peak at around 188 eV 
corresponding to the elemental boron (B
0
) and a smaller peak at around 193 eV identified as 
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B2O3. In one of our previous studies (Karmakar et al., 2010), a similar XPS spectrum was 
obtained for SB86-Bulk. The same two peaks are present in Figure 6.4, so we conclude that both 
samples have a partially oxide layer as the shell. Since the starting boron sample also had a 
native oxide layer, it is not surprising that the ball milled samples also have it. A similar 
spectrum was reported by Van Devener et al. (2009) when they dry-milled boron. Note that these 
peaks have been shifted to ~2.0 eV lower binding energy. The shifts could be due to differential 
charging of the samples (Tielsch et al., 1996). Since cerium can form stable borides (CeB4 and 
CeB6), the shifts may arise due to these borides (Meschel et al., 1995). These borides typically 
result in shift in XPS peaks between 1.8 to  0.1 eV lower binding energies compared to B
0
 
(Moulder et al. 1995). Van Devener et al. (2009) reported similar type of shifting to lower 
binding energy of the XPS peaks of their boron-ceria ball-milled samples. However, the peaks 
here were more shifted, and in addition the XRDs did not show any peaks corresponding to these 
borides.  
 The main purpose of preparing these ball-milled samples was to mix the catalyst with 
boron intimately while keeping the percentage of elemental boron content on a CeO2-free basis 
close to that of the bulk sample. The surface compositions of these two samples by XPS are 
shown in Table 6.3.  As expected, the sample 60B-40CeO2 has the higher surface content of 
ceria. In both cases there is some enrichment of CeO2 at the surface, although there is clearly not 
a purely CeO2 shell. The intimacy of CeO2 – B mixing should have some effect on the boron 
ignition and combustion. 
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Table 6.3: Surface chemistry of boron-ceria ball-milled samples 
 80B-20CeO2 60B-40CeO2 
Element 
Ce 
O 
B 
Atomic %       Mass%  
  2.4                 21.3 
  32.4               33.3       
  65.3               45.4 
Atomic %       Mass% 
5.1                   36.6    
41.9                 34.2  
53.0                 29.3 
 
 
(a)  
Figure 6.4: B1s XPS spectra of boron-ceria ball-milled samples (a) 80B-20CeO2  
(b) 60B-40CeO2  
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(b)  
Figure 6.4 continued 
6.4 BO2 Chemiluminescences and Ignition Characteristics 
 BO2 is readily observable during both the ignition and combustion stages, and, according 
to a gas-phase modeling study (Yetter et al., 1991), BO2 (g) gets converted quickly to B2O3 (g) or 
HBO2 (g) products depending on the amount of water vapor present. Therefore, monitoring the 
BO2 spectrum is a justified approach to characterize boron ignition and combustion. The BO2 
chemiluminescence images were captured using an ICCD camera and a 546±2 nm filter at two 
optical windows (“bottom” and “top” windows). The C2 radical exhibits several bands near to 
546 nm, but, according to Gaydon (1974), C2 bands near 546 nm are weak or very weak. In this 
work the emission at 546 nm due to ethanol-only combustion has been subtracted from each of 
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the BO2 chemiluminescence images. Figure 6.5 shows BO2 chemiluminescence images of boron 
samples. The intensities near the dump plane (also the particle injection plane) are significantly 
lower than at the downstream locations. This suggests that there is a delay in the ignition of 
boron particles. Ignition delay is a major problem in boron combustion and this issue is 
especially important when boron is considered as a fuel additive or even a secondary fuel source 
for volume limited air-breathing propulsion systems.  For a small amount of catalyst mixed with 
boron (95B-5REOM), the image (Figure 6.6a) looks slightly different than those for pure boron, 
with slightly increased intensities. But for 20 wt% rare earth oxide composite particles, the 
intensities (Figures 6.6b and 6.7a) near the dump plane are significantly higher, suggesting that 
early ignition is possible when the boron is coated with a catalyst. The images showing the most 
intensity at both “bottom” and “top” windows are these, so the overall burning times for these 
two samples should be the shortest. This is an important effect for volume-limited propulsion 
systems where available residence times are on the order of few ms. A slight increase in intensity 
of BO2 emission (Figure 6.7b) near the dump plane can also be seen for the case of the particle 
sample prepared by hand mixing (80B-20CeO2-Blend), and for particles with 40 wt% CeO2 
(Figure 6.8). 
To gain quantitative insight into the ignition behavior of these particles, the chemiluminescence 
intensity values were averaged along the rows of the images and are plotted vs residence time 
(Figure 6.9). The residence times were calculated by dividing the heights by the mean jet 
velocity (51.3 m/s) through the primary air inlet at the dump plane. Several researchers have 
defined ignition as corresponding to the location where the intensity has reached nearly 20% of 
its first maximum (Ermoline et al., 2010). Here, the ignition instance was taken as when the BO2 
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intensity reached 25% of its maximum. It is evident from Figure 6.9 that the boron ignition 
accelerates and the delay almost disappears when the 20 wt% oxide catalyst coating is present. 
 The question normally comes that why there is an increase in the ignition delay (decrease 
in intensity) for 40 wt% vs 20 wt% oxide composite particles. It was naturally assumed that this 
result was tied to the lower total amount of combustible boron present. To verify this hypothesis, 
an experiment with high particle flowrate was used to adjust the total boron present, equaling the 
amount present with SB86-Bulk. Surprisingly, this did not much improve the intensity level near 
the particle injection location (Figure 6.8b), but it did increase the overall intensity values 
(Figure 6.9). As the percentage of ceria present at the surface of the 60B-40CeO2 is higher than 
that of 60B-20CeO2 (Table 6.3), it can be inferred that too much coating of rare earth oxide on a 
boron particle surface can actually slow ignition, possibly by limiting the diffusion of oxygen. A 
similar observation was made in a study by Yeh et al. (1996) where a higher percentage of Mg 
coating actually slowed down ignition of boron particles. 
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                             (a)                                                                                   (b) 
Figure 6.5: BO2 chemiluniscence images (a) SB86-Bulk (b) SB86-BM 
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Figure 6.6: BO2 chemiluniscence images (a) 95B-5REOM (b) 80B-20REOM 
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Figure 6.7: BO2 chemiluniscence images (a) 80B-20CeO2 (b) 80B-20CeO2-Blend 
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Figure 6.8: BO2 chemiluniscence images (a) 60B-40CeO2 (b) 60B-40CeO2 with adjusted loading 
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Figure 6.9: Averaged BO2 emission intensity profiles vs. residence time 
6.5 Effect of catalysts on the ethanol combustion 
 From the BO2 chemiluminscence measurement we conclude that catalyst-coated boron 
particles show a better ignition quality (reduced ignition delay). But is there an effect of such 
coatings on the ethanol combustion itself?  It was mentioned earlier that CeO2 can donate oxygen 
to adsorbed hydrocarbon radicals. The particle size and the surface area play important roles in 
such catalytic activity. Logothetidis (2003) showed that the activation temperature for carbon 
combustion was reduced from approximately 700ºC for micron sized material to 300ºC as the 
surface area of the material is increased by a factor of 20. The catalytic activity goes up 
significantly when nano-sized catalyst particles are used (Sayle et al., 1992). Since nano-sized 
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ceria-based catalysts with high surface areas were used here, better catalytic performance would 
be expected.  
To see the effects of the catalysts on the ethanol combustion, chemiluminescence measurements 
of the CH radical (centered at 430 nm) were taken for the runs with boron/catalyst particles and 
with CeO2 only. We have shown that the CH radical is an indicator of the global heat release 
distribution in hydrocarbon combustion (Karmakar et al., 2011). For the case of ‘CeO2 only’, 
two different loadings were used: 20% and 40% of the purely boron particle loading. Therefore 
the same total amounts of CeO2 were used in these runs as for runs with the composite 
boron/oxides. Figure 6.10 shows a plot of the temperatures obtained in these runs These 
temperature measurements were taken using a type-B thermocouple at the center of the flame 
and ¼ inch (~ 0.6 cm) above the dump plane (see Figure 3.6). The measurements were corrected 
for radiation by the procedure of Shaddix (1999).  There is a clear temperature increase with the 
amount of ceria which means there is a enhanced ethanol combustion in the region near the 
dump plane. This enhanced combustion means greater heat release which will increase the local 
heating of the particle, furthering boron ignition. 
Chemiluminescence images for CH were captured only at the “bottom” optical window because 
almost all the ethanol combustion occurred within this region. No significant emission was 
detected at the “top” window with the 430 nm filter. The intensity profiles have been generated 
by averaging the intensity values along the rows (x-direction, defining the origin as the center of 
the combustor) of images and then plotting the averages in the y-direction (height above the 
dump plane). From the intensity profile plot (Figure 6.11), it is observed that intensities are in 
general higher for the “with” particle cases, again indicating increased heat release from the 
combustion is induced by the presence of boron/catalysts. owever, according to Pearse et al. 
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(1976) there are some bands (433.9, 434.2, 436.3, 436.6 nm) of BO in the vicinity of 430 nm. 
Therefore, the observed increase in intensity at 430 nm might also be partly due to a contribution 
of BO. Because what is happening near the dump plane (0-0.5 cm height) is most important, we 
focus on that region and note that in this region the runs with boron particles containing rare 
earth oxide catalysts, or even with the CeO2 catalyst particles alone, exceed the run with boron 
only (SB86-Bulk, see Figure 6.11). This suggests that the catalysts do enhance ethanol 
combustion and heat release in the region which plays a critical role in the ignition of boron. 
Interestingly, 80B-20CeO2 shows the greatest effect on CH emission, which in turn is reflected 
in its better ignition of boron particles (Figure 6.7a). 
 
 
Figure 6.10: Temperature data (with CeO2 only cases) near the dump plane 
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Figure 6.11: Chemiluminescence intensity profiles at 430 nm 
6.6 Characteristics of Combustion Products of Different Particle Samples 
 The burnt particle combustion products were collected from the exhaust of the combustor 
and analyzed by XRD and TGA. Representative diffractograms of these particles are shown in 
Figure 6.12. In Figure 6.12, there are major peaks at around 2θ = 28˚ and smaller peaks at 2θ = 
14.5˚ and 40˚, which are consistent with hydrated B2O3 or boric acid (H3BO3), JCPDS PDF# 30-
0019. There are no peaks indicative of elemental B or HBO2, suggesting that the boron 
nanoparticles were almost completely oxidized. Peaks at 14.5, 14.9, and 28.0⁰ are characteristic 
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of relatively dry orthoboric acid, H3BO3 (Grigorovskaya et al. 2009). It is common for B2O3 to 
absorb water from wet combustion exhaust (or even from the atmosphere) to form a film of 
crystalline orthoboric acid (H3BO3) on the surface of boron oxide (McCalla et al., 2002).  
 TGAs (Figure 6.13) of representative product particles were also performed. The results 
showed a weight loss feature at <200ºC (peak maximum at 125ºC) associated with water loss. 
Stochiometric calculations for SB86-Bulk based on this assumption showed the sample to be 98-
100% hydrated, so H3BO3 is the final quenched product. It is important to note that no increase 
in weight occurred throughout these TGA runs, except for a tiny weight increase in the product 
of 60B-CeO2 consistent with a small amount of CeO2-x re-oxidation to CeO2. This indicates that 
no residual elemental boron was present in any of the collected burnt particles, and that all of the 
boron present was fully oxidized. As discussed earlier, non-stoichiometric oxide can be formed 
from CeO2 when it releases mobile surface oxygens. This reduction process may occur through 
the reaction of CeO2 with CO and/or H2, both of which are expected to be present during the 
combustion of ethanol. An earlier study (Perrichon et al., 1994) reported that the cubic phase of 
Ce2O3 had been detected when ceria as reduced at 1070-1170 K. When the reduction occurs in 
temperatures higher than 1273 K, hexagonal Ce2O3 forms. This phase is stable at room 
temperature and it has a structure identical to that of La2O3 (Ranga Rao et al., 2003). The 
reversal from Ce2O3 to CeO2 may occur in air or a mild oxidizing environment, but this process 
becomes harder when ceria is reduced at higher temperatures (Ranga Rao et al., 2003). 
Therefore, the slight increase (<0.5%) in wt% in the TGA of product of 60B-40CeO2 are 
probably related to re-oxidation of a small amount of slightly reduced ceriato CeO2. 
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Figure 6.12: Representative XRD patterns of product particles 
 
Figure 6.13: Representative thermograms of product particles 
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6.7 Concluding Remarks 
 The ignition and combustion characteristics of boron and ball-milled samples of boron 
and rare earth oxide catalytic nanoparticles were studied in an ethanol spray flame. A simple but 
general process was used to prepare intimate mixtures which could easily be scaled up to 
produce larger batches. Detailed particle characterizations showed that the elemental boron 
contents were mostly unaffected, that CeO2 was preferentially located at the particle surfaces, 
and that boron particles did not increase in size or crystallinity. The analysis of the combustion 
products showed that the boron particles underwent almost complete oxidation in the combustion 
process. 
 The ignition behavior of different particles was studied by capturing the 
chemiluminescence imaging of BO2, an important intermediate in boron combustion. A 
significant improvement in the ignition characteristics of boron nanoparticles was achieved as 
the boron particles were ball-milled with rare earth oxide catalysts (20% catalyst loading). This 
effect is potentially beneficial, especially for air-breathing propulsion systems (gas-turbine 
combustors, after-burners, pulse-detonation engines, ramjets etc.), where rapid initiation of 
combustion and volumetric heat release is desirable. The authors know of no other available 
literature data on the ignition characteristics of ceria-coated boron nanoparticles. While it is 
beyond the scope of the present study to exactly fix the optimum percentage of rare earth oxide 
in boron ignition, it would appear that 20 wt%, when ball milled with boron nanoparticles, is a 
good starting point. 
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CHAPTER 7 
COMBUSTION OF BORON-METAL COMPOSITE 
NANOPARTICLES 
 
7.1 Introduction 
 Boron is considered to be attractive fuel additive, but the ignition delay associated with 
boron particles is a major problem in the utilization of their full energetic potential. Recent 
advances in nanotechnology have enabled better control of the size and characteristics of the 
energetic nanoparticles, leading to higher surface areas and shorter ignition delays, and ensuring 
more complete combustion (Yetter et al., 2009; Dreizin, 2009; Granier et al., 2004). However, 
the ignition delay has not been eliminated completely even with the implementation of nano-
sized boron particles. There are several methods to enhance the ignition of boron particles 
proposed by different researchers (reviewed by Yeh et al., 1996) including: (1) faster removal of 
the oxide layer by ignition of the boron particles in a halogen containing (i.e., chlorine, fluorine) 
environment; (2) coating of the boron particles with a thin layer of relatively easily ignited 
metals, such as zirconium, titanium, or magnesium. In our previous study (Chapter 6), a different 
approach - coating boron nanoparticles with ceria-based catalysts - was employed, and the results 
showed promise in improving boron ignition. However, this coating is an oxide catalyst and not 
a reactive metal; therefore a certain portion of the total particle loading (boron + catalyst) would 
be non-energetic.  In the present study, we employ some energetic based metal additives (for 
example iron) to boron to enhance its ignition. Iron is considered because it has lower ignition 
temperature than boron. In this study, we use iron nanoparticles as metal additives to boron, 
expecting that iron will supply a rapid ignition source for the boron particles. To see the effect of 
iron nanoparticles, several boron-iron composite samples have been prepared. Another major 
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change in the experimental approach has been implemented in this study. In all our previous 
studies, the nanoparticles were supplied with the air feed, but in this study the particles have been 
directly mixed with the fuel, ethanol.  
 To establish a fundamental understanding of the burning process of liquid fuel containing 
energetic particles (boron only or boron-metal nanocomposites), the experimental approach has 
been deliberately simplified.   The technique adopted here is to suspend a single drop of fuel 
mixture fuel on a fine a quartz fiber and to measure/analyze the burning process with a high 
speed camera or photodiode. Three different methods have been used by different researchers to 
experimentally investigate the combustion of isolated spherical droplets (reviewed by Williams 
et al., 1985; Parag et al., 2009): (1) the fuel is supplied at a steady rate to a porous sphere of inert 
material, keeping the surface of the sphere wet without any dripping of the fuel; (2) a drop of 
fuel is suspended from a quartz fiber/wire; (3) the fuel droplet falls freely under gravity. The first 
two methods simulate quasi-steady state burning, whereas the third one simulates transient 
burning (Parag et al., 2009). Godsave (1953) performed the classical droplet combustion 
experiments in normal gravity by suspending the droplet on a silica filament and measured the 
decrease in size of the droplet using a camera. A small coal gas flame was used to ignite the 
droplet. Godsave (1953) also developed the D
2
 law and determined the burning rate constant 
from the slope of a plot of droplet diameter squared versus time. The rate constant from this 
study for 1 g of an ethanol droplet was reported as 0.81 mm
2
/s. Several researchers (Isoda et al., 
1959; Kumagai et al., 1971; Okajima et a., 1974; Okajima et a., 1982; Hara et al., 1990; Hara et 
al., 1994) studied both the burning of isolated suspended ethanol droplets and of freely falling 
droplets in a drop chamber facility. These studies reported the measured rate constants for 
different initial diameters under microgravity conditions. Kazakov et al. (2003) performed a 
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detailed modeling study of an isolated ethanol droplet in a microgravity environment.  Very 
recently, Liu et al. (2012) studied the burning characteristics of sub-millimeter droplets of a 
binary mixture of n-heptane/iso-octane and n-heptane/toluene and compared them with 
commercial unleaded gasoline. 
 Most of the previous studies mentioned above were either carried out using a single 
liquid fuel or using binary mixtures of two different liquid fuels. Slurry fuels which are the 
mixtures of solid particles in liquid fuels were of interest as high-energy fuels even a few 
decades ago. Several previous experimental studies have been conducted to characterize the 
burning of slurry droplets, mostly involving micron-sized boron (Antaki et al., 1987; Takahashi 
et al., 1989; Wong et al., 1990; Lee at al., 1991), aluminum (Turns et al., 1987; Wong et al., 
1987; Byun et al., 1999) carbon, and a blend of aluminum and carbon (Szekely et al., 1982; 
Sakai et al., 1983; Wong et al., 1989). In all these cases, the particles loadings were quite high ~ 
40-80%. A major difficulty observed in these studies was that the burning of large agglomerates 
requires a considerably longer time than that of individual particles. This is critical in 
determining the burning rates, especially in the diffusion controlled regime (Cho et al., 1989). 
During slurry droplet combustion, there are several phenomena which may take place, such as a 
disruption/microexplosion as reported by Takahashi et al. (1989). They demonstrated that the 
disruption of the primary droplet resulted in secondary atomization and might lead to an 
enhancement in the overall burning rate. Choudhury (1991) provided a review of the different 
experimental and theoretical studies conducted on slurry fuels.  Very limited studies have been 
performed on the burning characteristics of the combined fuel of liquid and nanoparticles. Tyagi 
et al. (2008) studied the the ignition characteristics of a purely liquid fuel (diesel) and of fuel 
mixtures containing Al-nanoparticles in a simple hot-plate experiment; they found that the 
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ignition probability was significantly higher for the fuel mixture than that of pure diesel. Gan et 
al. (2010) performed a droplet combustion study of a fuel containing nano- and micron-sized 
aluminum particles. As their base fuel they used ethanol, and they reported that ethanol-based 
fuels were suspended far more easily than n-decane-based fuels. Most recently, their group (Gan 
et al., 2012) studied the burning behaviors of dilute and dense suspensions of boron and iron 
(separately) in ethanol, and for dense nanosuspensions showed that most particles were burned as 
large agglomerates at a later stage when all the liquid fuel had been consumed. Sometimes they 
observed that the agglomerates might not burn if the energy provided by the droplet flame was 
insufficient. In the present study, droplet combustion experiments have been performed for fuel 
mixtures of ethanol and boron, or ethanol and boron-metal nanocomposites. The diameters of the 
droplets of this study are of the order of 1 mm, large enough to carry out the optical 
measurements. This diameter is larger than the upper values of the droplet sizes (~ 100 m) 
found in spray flames (Liu et al., 2012), but not so large as to prevent a fundamental 
understanding of the burning process.  Such understanding will provide insight on the spray 
combustion behavior of these mixture fuels.       
7.2 Droplet Combustion Experimental Setup and Procedure 
  The droplet combustion experiments were performed in a closed cylindrical stainless 
steel chamber (6’’ inside diameter and about 12 inch long). A photograph of the chamber is 
shown in Figure 7.1.  For these experiments, a 1.25 mm droplet of pure ethanol (200 proof) or a 
mixture of ethanol/nanoparticles was suspended from a quartz glass fiber optic filament (0.3 mm 
dia., 50 mm. long).  About 1.5 mm below the droplet was a 3.0 mm dia. loop of 28 gauge nickel 
chromium alloy wire (0.013 in dia., maximum temperature ~1010 
o
C) extending from a two-hole 
ceramic conduit.  The alloy wire was connected to a variable power supply that supplied a 
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current to heat the wire to red hot in less than two seconds.  The heating element is attached to a 
12 V push-type linear solenoid.  The solenoid is powered by a 12 V DC power supply.  This 
solenoid moves the heating element approximately 0.75” towards the droplet and brings it back 
immediately after ignition. A photograph of this arrangement can be seen in Figure 7.2. Both the 
solenoid and heating element are connected to relay switches. These relay switches are 
connected to a National Instruments (NI) data Acquisition (DAQ) board [NI USB-6353]. The 
times required for the heating element to become red hot and to activate the linear solenoid are 
controlled from the computer using Labview software. These timing parameters were kept 
constant in all the experiments.       
 The droplets were ignited in air at atmospheric pressure. The light intensity from a 
burning droplet was recorded using a Melles Griot photodiode (350-1100 nm optical range) with 
a sampling rate of 1000 samples/s. The photodiode signal was passed through an amplifier to 
improve the signal. The schematic of the photodiode measurement is shown in Figure 7.3. 
Movies (30 frames per sec.) were made for different samples to capture the burning process of 
the droplets using a Canon DSLR video camera imaging through the quartz window. The 
diameters of the droplets during combustion were extracted from these videos. The detail method 
for the data extraction is discussed in Section 7.4. The chemiluminescence intensity from a 
burning droplet was recorded using a Photron ICCD camera and an intensifier to amplify the 
signal. The sampling rate was 1000 samples/s. Two band pass filter were used (1) 430 nm to 
capture CH chemiluminescence and (2) 546 nm for BO2 chemiluminescence were used. The 
schematic of this measurement setup is shown in Figure 7.3b.    
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Figure 7.1: The droplet combustion chamber 
 
Figure 7.2: The heating element-solenoid arrangement 
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(a) 
 
(b) 
Figure 7.3: Schematic of the droplet combustion experimental setup (a) for photodiode 
measurements (b) high speed chemiluminescence measurement  
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7.3 Particle Synthesis and Sample Preparation 
 The particle sample names and corresponding nominal compositions are given in Table 
7.1. The purchased boron nanoparticles (SB86 boron, SB Boron Corp.) were used as feedstock 
for the ball-milled samples. SB86-BM was prepared by milling SB86-Bulk (SB86 boron) in a 
glove box (N2 environment) for 5 hours using 440 Nitronic stainless steel balls at a ball 
mass/particle mass ratio of 5). The detailed particle characterizations for SB86-Bulk and SB86-
BM were discussed in Chapters 5 and 6. The average primary particle sizes for these two 
samples are ~70 nm [calculated from specific surface areas]. Iron nanoparticles used in this study 
were purchased from SkySpring Nanomaerials Inc. The average particle size (APS) advertised 
by the vendor is 60-80 nm.     
Table 7.1: Naming convention and properties of nanoparticle samples 
 
 The purpose of making these boron-iron composite particles is to improve the ignition 
characteristics of boron by supplying heat to the boron particles at lower temperature from the 
easily ignitable iron.  For the sample DryIce B+Fe, the feedstock (80% SB86 boron and 20% Fe) 
was loaded into a small stainless steel chamber with an approximate volume of 150 mL. The 
mixture was comprised of 16.49 grams of SB86 and 3.94 grams of Fe (~80:20 weight ratio). 
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There was a pair of stainless steel agitators inside the chamber were set to stir rate of 100 rpm for 
1 hour.  The DryIce B (also contains a small amount of residual acetone from the synthesis) was 
added continuously to the chamber before and during the agitation. The composite was bottled 
immediately after one hour of agitation, which was designed to evaporate the residual acetone 
and CO2 under a N2 environment. The sample ‘DryIce B only’ was prepared in a similar manner 
except the feedstock was 100% SB86-Bulk boron. The sample ‘BM B+Fe’ was prepared by ball 
milling the mixture particles, containing 80% SB86 boron and 20% Fe nanoparticles,  following 
a similar milling procedure as with SB86-BM.  
 The core-shell samples were prepared differently, by wet-chemical reductive syntheses. 
The idea behind this method was to encapsulate the boron nanoparticles with an iron sheath. 
There are some studies on encapsulation of iron nanparticles by silica. One such study by Tartaj 
et al. (2003) synthesized monodisperse air-stable -Fe nanocrystals and encapsulated them in 
silica. Yuan et al. (2010) prepared α-Fe nanoparticles by reduction of ferrous ion using KBH4 in 
an ethanol-water system in the presence of surfactant. They also synthesized α-Fe nanoparticles 
coated by SiO2, which prevents or retards iron oxidation at ambient conditions.  Shen et al. 
(1997) prepared Fe-B ultraﬁne amorphous alloy particles by the reduction of FeSO4 by KBH4, in 
aqueous solution. The collaborators of our project employed similar synthesis methods as 
described in these three articles to prepare three boron-iron core-shell samples. The names of 
these samples are also given in Table 7.1. In all three samples, the compositions of SB86 boron 
and iron were maintained as 90% and 10%, respectively, on a weight basis.    
 For the droplet combustion experiments, mixtures of pure ethanol and particles (particle 
loading 5% of the ethanol weight) were put in 2 mL vials and the particles were dispersed into 
ethanol by stirring the solutions for 30 min using a magnetic stirrer. This arrangement is shown 
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in Figure 7.4. The mixtures of ethanol and the different particle samples are given the same 
names as the particles themselves (in Table 7.1). The constant volume single droplets were 
created by a Hamilton microliter syringe (volume range 0-5 l). The photograph of the microliter 
syringe is shown in Figure 7.5.             
 
 
Figure 7.4: Magnetic stir bar and plate for mixing particles into ethanol 
 
Figure 7.5: Microliter syringe for creating constant volume droplets 
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7.4 Results and Discussions 
7.4.1 Characterizations of different particle samples: boron-iron only 
 Some of the physical and chemical properties of the feed particles were measured by X-
ray diffraction (XRD) to determine the crystalline phases of boron, iron and their oxides, and by 
temperature-programmed oxidation (TPO) in a thermo-gravimetric analyzer (TGA) to probe the 
ignition behavior of the boron and boron-iron composite samples. XRDs were taken at LSU’s 
MCC (Materials Characterization Center). All samples were analyzed at 2θ values from 10 to 
75º, with a step size of 0.05º, and a rate of 1˚/min. TGA weight curves during TPO were 
measured in flowing air with a Perkin-Elmer TGA-7 using ~25 mg suspended in a Pt pan, in 50 
mL/min gas flow. The samples were first cleaned and dried at 400⁰C in He for 20 min, then 
contacted with air while the temperature was ramped at 5⁰C/min to 800⁰C with a 14 h hold. 
Figure 7.6a shows the XRD patterns of the boron-only samples. Both samples are mostly 
amorphous, with only the ‘DryIce B only’ sample showing slight crystallinity. The XRDs of two 
ball-milled samples of boron and iron are shown in Figure 7.6b. The peaks at 2 = 44.2 and 
64.4⁰ correspond to Fe (bcc). The sample DryIce B+Fe shows slightly higher crystallinity, as 
evident from its sharper and more intense peaks, than BM B+Fe. Figure 7.6c shows the XRD 
patterns of three B+Fe core-shell samples. Major peaks at 2 = 35⁰ and 62.1⁰ correspond to -
Fe2O3.      
139 
 
 
(a) 
Figure 7.6: XRD patterns for:  (a) boron only samples; (b-c) B+Fe composite samples 
 
(b) 
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(c) 
Figure 7.6 continued 
 Figures 7.7a and 7.7b show the TGA derivative weight % curves for the two B-only 
samples and the boron-iron composite samples. Interestingly, the temperatures of maximum 
oxidation of the composite samples are lower (by 100-140ºC) compared to the boron only 
samples. It is expected that the early oxidation of iron may provide an energy boost during 
particle preheating. In the case of samples BM B+Fe and DryIce B+Fe, small peaks can be seen 
at temperatures and 375 and 345ºC. These peaks may be due to the oxidation of some free iron 
particles present in these samples. However, in all the composite particle cases, it can be inferred 
that the presence of iron plays an important role in decreasing the ignition temperatures of the 
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particles. Aly et al. (2011) prepared Al-metal reactive composites with Fe, Ni or Zn, and 
observed that the composite powders ignited at lower temperatures than pure Al powders. They 
suggested that the observed improvement in the ignition dynamics for the composites could be 
due to a combination of accelerated oxidation and a reaction mechanism altered by the inclusion 
of metal additives.  
 
(a) 
Figure 7.7: TGA derivative curves for:  (a) boron only samples; (b) B+Fe composite samples 
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(b)  
Figure 7.7 continued 
7.4.2 Characterizations of different particle samples: boron-metal composites 
 The particle sample names and corresponding nominal compositions are given in Table 
7.2. The heating value of each composite has been calculated for comparison. The purchased 
boron nanoparticles (SB86 boron, SB Boron Corp.) and commercially available iron, aluminum 
and titanium nanoparticles were used as feedstock for the ball-milled samples. Aly et al. (2011) 
prepared Al-metal reactive composites with Fe, Ni or Zn, and observed that the composite 
powders ignited at lower temperatures than pure Al powders. They suggested that the observed 
improvement in the ignition dynamics for the composites could be due to a combination of 
accelerated oxidation and a reaction mechanism altered by the inclusion of metal additives. The 
similar idea was behind preparing these boron-metal composite samples aiming at improving 
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boron ignition. The ball-milling process was conducted in argon environment and four milling 
times were used 30, 60, 90 and 120 min. In fact, to minimize the exposure of these particle to 
oxygen or air, all the transfers and mixing into ethanol have been performed in N2 filled globe 
bags. The weight % and heating values have been calculated assuming 100% pure form of the 
metals or boron.  
                            Table 7.2:  Compositions of different nanocomposite samples 
 
 All samples were analyzed by X-ray diffraction analysis at 2θ values from 5 to 90º, to 
know the crystallinity and different phases present in each of the ball-milled boron sample and 
boron-metal composites. Figure 7.8 shows the XRD patterns of boron ball-milled samples and 
95% B + 5% metal composites. For boron only samples, the shorter milling times (30 min and 60 
min) revealed the dominant phase as JCPDS PDF # 11-0618 whereas for longer milling times 
(90 min and 120 min) revealed the dominant phase as α-rhombohedral boron (JCPDS PDF# 12-
0377). However, in all four milling cases both the phases were present. In case of 95B-5Al, 95B-
5Fe and 95B-5Ti the phases can be identified for aluminum, iron and titanium respectively as 
JCPDS PDF # 4-0787, PDF # 6-0696 and PDF # 44-1294. Longer milling time reduces the 
certain degree of crystallinty as observed from the broader peaks for longer milling times where 
as narrow, sharp peaks for shorter milling times. Similar phases can be identified for 90% B + 
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10% metal cases (Figure 7.9). Interestingly, the peak intensities are somewhat lower and peaks 
are wider for both 95B-5Ti and 90B-10Ti compared any of the B-Al or B-Fe samples, in fact 
these intensity levels are somewhat closer to B only case. These imply that the B-Ti samples are 
comparatively less crystalline compared to any of the B-Al or B-Fe cases. Gurevich et al. (1969) 
studied the ignition and combustion behavior of 50-260 µm size crystalline and amorphous 
boron particles in hot stream of plasma generator. They found that crystalline boron was most 
difficult to ignite. If this analogy is valid for B-Ti samples, then we would expect slightly 
improved ignition characteristics solely due to the fact that the particles are less crystalline 
compared to B-Al or B-Fe samples.  
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Figure 7.8: XRD patterns of boron only and 95% B+5% metal cases 
 
 
Figure 7.9: XRD patterns of 90% B+10% metal cases 
 For the droplet combustion experiments, mixtures of pure ethanol and particles (particle 
loading 5% by weight) were put in 2 mL vials and the particles were dispersed into ethanol by 
stirring the solutions for 1 hr 30 min using a magnetic stirrer. The mixtures of ethanol and the 
different particle samples are given the same names as the particles themselves (in Table 7.2). 
Due to weak signal from chemiluminescences of intermediate species of ethanol and boron 
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combustion, larger droplets have been used in the experiments to improve the light intensity. The 
diameters of the droplets of this study are of the order of 2.5-3 mm. 
7.4.3 Single droplet burning process and ignition of boron  
 As mentioned earlier the combustion of ethanol droplets containing nanoparticles was 
captured with a Canon DSLR camera. Frame-by-frame images were extracted from each of these 
video files and the images analyzed using Matlab’s image processing toolbox. Figure 7.10 shows 
representative burning sequences for the different samples. Figure 7.10a shows typical blue 
flames from the burning of an ethanol-only droplet, whereas Figures 7.10b and 7.10c show the 
burning sequences of the boron-only samples, and Figures 7.10d to 7.10h show the burning 
sequences of the boron-iron composite samples.  In each of these cases, the flame structures are 
characterized by a blue envelope flame around the droplets, indicating that the ethanol vapor 
reacts with the oxygen from the air. For the particle-loaded images, green emission can be seen 
on the top of the envelope flame, and multiple streaks can be observed. These phenomena 
indicate the ignition and burning of the boron particles. Similar observations were made by Gan 
et al. (2012) for the single droplet burning of ethanol-containing boron particles. A closer look at 
each particle’s streaks during burning (for example, in Figure 7.10d) reveals the existence of 
different color zones: the yellow zone at the bottom of the ﬂame indicates ignition of the boron 
particle, while the bright white zone in the middle indicates boron combustion, with green 
emission characteristic of BO2 around it. At the top edge of these particle streaks small orange 
and red regions are observed, indicative of the cooling-down process after particle combustion.  
These observations are consistent with the existing boron combustion literature (Li et al., 1988; 
Gan et al., 2012). Similar observations were made in our previous studies as well (Karmakar et 
al., 2010; Karmakar et al., 2012). Interestingly, the green emission characteristics of BO2 was not 
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prominent for the boron-only samples (Figures 7.10b and 7.10c) at the initial time periods (t < 
1.0s), whereas it was observed for the boron-iron composite samples (Figures 7.10d and 7.10e) at 
the initial times. This indicates that the boron particle ignition is in fact enhanced in the presence 
of more easily ignitable iron. A similar type of enhancement was seen in the TPO/TGA 
experiments (Figure 7.7).  It is worth mentioning that the emission intensity is on average higher 
in the case of the boron-iron composite particles.  
 To better compare these intensities, photodiode measurements were carried out on each 
of the droplet burning cases. Some typical photodiode intensity traces are shown in Figure 7.11. 
The light intensity data were taken from the onset of ignition (t = 0 s), but the signal saturated the 
photodiode due to the bright light from the heating element. Even though the heating element 
was turned off immediately after ignition of the droplet, its light slowly diminished, taking ~ 1.5 
s before the photodiode signal was below saturation. These timing parameters were kept constant 
because these were controlled from the DAQ board and computer. For better comparison, the 
signal obtained from the ethanol only case was subtracted from the signals for the “with particle” 
cases.  Figure 7.10 shows a comparison of these subtracted light intensities of boron- only and 
boron-iron composite samples. Clearly, there is a difference in intensity levels between boron-
only and boron-iron composite samples. Interestingly, the times associated with the maximum 
intensities are somewhat higher for the boron-only cases. This also suggests a faster ignition and 
burning of boron particles in the presence of iron. Figure 7.13 shows the variation of adjusted 
light intensities for just the Fe-B core-shell samples. Although, in one case (for B+Fe core-shell 
–Yuan) the composite shows higher emission intensity than the boron-only, the maximum 
intensity regions for Fe-B core-shells are observed at slightly later times. For the ‘core-shell - 
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Shen’ and ‘core-shell - Tartaj’ samples, the intensity levels are somewhat lower in comparison to 
any of the ball-milled boron-iron composites.       
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Figure 7.10: Burning sequences of some representative samples 
 
 
Figure 7.11: Typical photodiode intensity traces with time 
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Figure 7.12: Photodiode light intensities (after subtraction of the intensity for ethanol-only) of 
boron only and boron-iron composite samples 
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Figure 7.13: Variation of light intensities of different core-shell Fe-B samples, after subtraction 
of ethanol-only intensity  
7.4.4 Droplet size history and D
2
-law  
 From the time sequence images extracted from the videos of the droplet burning process, 
the size of the droplet was determined. Initially the color images were converted to grayscale 
(Figure 7.12) and then the grayscale images were converted to false color images (Figure 7.13) 
using the Matlab image processing tool box, to better visualize the droplet. Counting the pixels 
from the extreme edges of the droplet, a relation between pixels and the physical dimensions was 
established. Using this simple technique, the size of the droplets at different times was 
determined. The initial droplet size calculated by this technique was around 1.25 mm. The 
uncertainties of these droplet size measurements were estimated to be within 5%.    
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Figure 7.12: Typical instantaneous images in:  (a) real color; (b) gray scale 
 
Figure 7.13: Processed false color images for data extraction 
 Figure 7.14 shows the evolution of droplet size for the various single droplet 
experiments. For the pure ethanol case, the droplet size variation with time follows the classical 
D
2
 evaporation law (linear regression of the square of the droplet diameter with time). In all the 
“with particle” cases, the droplet size history more or less deviates from the D2-law.  The results 
from a study by Chen et al. (2010) on the effect of three nanoparticles (laponite, Fe2O3, and Ag) 
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on the evaporation rate of deionized water under natural convection at room temperature showed 
that the evaporation might be enhanced or slowed down, depending on the type of nanoparticle.  
Gan et al. (2011) also observed deviations from the D
2
-law for evaporation of ethanol droplets 
containing nano-aluminum (0.5% and 2.5%). They suggested that addition of particles changed 
the apparent heat of evaporation, eventually modifying the evaporation behavior as the particle’s 
weight dominated the system. Particle inclusion could also change the viscosity and surface 
tension of the fluid, which in turn could impact evaporation. At very high dilution the particle 
would have no or little effect.  As the particle begins to dominate the weight of the system (as the 
ethanol is either burned or evaporated), the vapor pressure of the ethanol will be affected, 
decreasing evaporation rate.  However, when the particle ignites it causes local spot heating of 
the droplet, and this would result in greater evaporation.  It may be possible to envision the same 
type of particle causing negative deviations from the d
2
 law in some time range and positive 
deviations in another time range.  If we look at Figure 7.14 carefully in the time range from 0 to 
0.2 s, it can be seen that for all of the “with particle” cases the droplet size was not much reduced 
at short times. This phenomenon is more evident for the boron-only cases (SB86-BM and DryIce 
B only). Similar behavior was observed for ethanol/aluminum droplet burning in a study by Gan 
et al. (2011). For the boron-iron composite cases, this initial reduced evaporation period is 
comparatively less (the D
2
 line is not as flat), especially for the ‘DryIce B+Fe’ sample. This 
again implies that the iron nanoparticles influence the initial heating stage and play a role in 
enhancing the ignition of the boron nanoparticles.        
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Figure 7.14: Evolution of droplet size for burning ethanol droplets containing 5% of various 
nanoparticles  
7.4.5 Chemiluminescences at 546 nm and its Relation to Boron Ignition 
 BO2 is readily observable during both the ignition and combustion stages and according 
to gas-phase modeling study (Yetter et al., 1991), BO2 (g) gets converted quickly to B2O3 (g) or 
HBO2 (g) products depending on the amount of water vapor present. Therefore, monitoring the 
BO2 spectrum is a justified approach to characterize the boron ignition and combustion. This 
type of chemiluminescence measurements was used in one of our previous studies to investigate 
the effects of particle size on boron ignition and combustion (Karmakar et. al, 2012). The BO2 
chemiluminescence images were captured using high speed ICCD camera with an intensifier and 
a 546±2 nm filter viewing through the optical window. C2 exhibits several bands near to 546 nm, 
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but according to Gaydon (1974) C2 bands near 546 nm are characterized as weak or very weak. It 
is worthy to note here that the emission at 546 nm due to ethanol only combustion has been 
subtracted from each of the BO2 chemiluminescence images. The intensity of the each image has 
been summed and plotted with time. This way it is possible to compare the burning behaviors of 
the different samples: either boron only or boron-metal composites. Figure 7.15 shows the BO2 
chamiluminescence intensity profiles for different boron only and 95%B+5% metal cases 
whereas Figure 7.16 shows that of 90%B+10% metal cases. On an average, the boron-metal 
composites show early ignition characteristics compared to boron only cases except for few 
cases it show no effect or even adverse (mainly in few B-Al cases, all 90% B-10% metal-120 
min cases except 90B-10Ti-120 case). Although 90B5AlTi show some positive effects compared 
to B-Al or B-Fe case. The question normally comes that why there is an increase in the ignition 
delay (decrease in intensity) for. It was naturally assumed that this result was tied to the lower 
total amount of combustible boron present. The other reason could be that the longer milling 
times contracted pore spaces of these particles which inhibited the oxygen to react. However, this 
observation is not seen for B-Ti case. Interestingly, B-Ti case showed significant improved 
behavior in terms of boron ignition. Figure 7.17 shows a comparison of BO2 chemiluminescence 
intensities for B only and 90B-10Ti cases. Longer milling time actually decreases the emission 
intensity for B-only and B-Fe or B-Al cases whereas the performance is almost unaffected or 
even increased for 90 min milling time. 
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Figure 7.15: BO2 emission intensity profiles for boron only and 95% B+5% metal cases 
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. 
Figure 7.16: BO2 emission intensity profiles for boron only and 90% B+10% metal cases 
 Trunov et al. (2008) investigated the the performance of Ti/2B composite particles in a 
methane flame experiment and they found that the Ti/2B nanocomposites achieved a more rapid 
and efficient combustion than aluminum powder when ignited in the flame. They also compared 
the performances of blended 2B+Ti powders and 2B+Ti nanocomposites and observed 
significant higher burning rate for nanocompistes than that of blended powders. According to 
their suggestion, for nanocomposite powders, the solid-solid reaction between B and Ti resulted 
in temperature boost of the nanocomposite samples which accelerated the oxidation reaction rate. 
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However, their study did not analyze the effect of titanium on the ignition of boron particles. 
Using the similar interpretation, it can be explained that titanium shows beneficial effect 
irrespective of the different milling times. Higher oxygen affinity is another favorable 
characteristic of titanium as metal additive to improve boron ignition process. 
 
Figure 7.17: Comparison of BO2 emission intensity profiles for boron only and 90% B+10% Ti 
cases 
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7.4.6 Chemiluminescences at 430 nm and Effects on Ethanol Combustion 
 While direct measurements of the heat release rate are difficult, chemiluminescence 
measurements of CH and OH radicals have been widely used to estimate the global heat release 
in hydrocarbon flames (Gaydon et al., 1979). Overall chemiluminescence is a line-of-sight (or 
field-of-view) measurement and is not suitable for resolving small-scale structure and local heat 
release (Ayoola et al., 2006). Rather, it should be construed as an integrated measure of heat 
release.  It has been argued that the OH radical is an indicator of burnt gases (Hanson et al., 
1990), and the CH radical as a marker for the reaction zone (Han et al., 2003), although there is 
some disagreement on these assumptions. In the present study, we have assumed the CH radical 
is an indicator of the global heat release distribution in hydrocarbon combustion.  
From the intensity plots (Figures 7.18 and 7.19) we observed a higher intensity difference for the 
“with” particle cases, indicating increased heat release from the combustion induced by the 
presence of boron or boron-metal composites. This observation suggests that boron particles 
have a beneficial effect on the CH radical production in the flame. However, according to Pearse 
et al. (1976) there are some bands (433.9, 434.2, 436.3, 436.6 nm) of BO in the vicinity of 430 
nm. Therefore, the observed increase in intensity at 430 nm might also be partly due to a 
contribution from BO emission. Interestingly, for boron-titanium cases have significant high 
intensities compared to any of the other boron-metal composite cases. Based on these 
observation it can be argued that B-Ti composite particles have favorable effects both on the 
ignition/combustion behavior of boron and combustion of ethanol. It is worthy to mention here 
that for shorter milling time (30 min, 60 min) and even moderate milling time (90 min) cases 
show streak burning of the particles (pikes in the intensity profile) whereas 120 case shows 
comparatively smooth intensity profile. The intensity level for either 95B5Ti-120 or 90B-10Ti-
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120 remained almost uniform up to around 6 sec after which the droplet actually extinguished, 
whereas other samples show a decreasing nature even after 4 sec. Although the intensity is 
lower, but 90B5Al5Ti shows similar behavior. Therefore, it can be suggested that more sustained 
combustion can be achieved in presence of titanium. 
 
Figure 7.18: CH emission intensity profiles for boron only and 95% B+5% metal cases 
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Figure 7.19: CH emission intensity profiles for boron only and 90% B+10% metal cases 
7.5 Concluding Remarks 
 A single droplet combustion study was conducted to investigate the ignition and 
combustion characteristics of ethanol containing boron and boron-iron composite nanoparticles. 
Imaging and high speed photodiode measurements of the droplets burning suggest that ignition 
and combustion of individual boron particle was observed. The droplet size history data suggest 
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that the burning of the pure liquid fuel (ethanol only) follows the classical D
2
-law, whereas the 
particle-loaded fuels deviate from the D
2
-law. The droplet size history reveals that there is a 
period associated with preheating and low evaporation for particle-loaded fuels, whereas for 
ethanol only there is no such period. For boron-only cases (no Fe) this period is more 
pronounced compared to boron-iron composite samples. The burning sequence images and 
photodiode light intensities suggest that addition of iron nanoparticles enhances the boron 
ignition and combustion process.          
 High speed chemiluminescenec imaging of the droplets burning suggest that ignition and 
combustion of behaviors have been effected by the presence of metal additives. The BO2 
chemiluminescence intensity profiles suggest that energetic metal particles (Fe, Al and Ti) have a 
role to act as energy boost to improve the ignition characteristics of boron, among which the 
effect of titanium is significant. Four different milling times (30, 60, 90 and 120 min) were used 
to prepare the samples. Longer milling time actually lowered the performance of the metal 
additives (for Fe and Al), whereas the performance of B-Ti samples was almost unaffected by 
the milling time or even increased for 90 min case. From the CH chemiluminescence intensity 
profiles, showed that the addition of boron and boron-metal composite particles positively 
impacted ethanol combustion by enhancing the heat release whereas the effect of B-Ti was the 
highest. Intensity profiles also suggest that more sustained combustion can be achieved for boron 
if combined with titanium nanoparticles. 
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CHAPTER 8 
CONCLUSIONS AND FUTURE WORK 
8.1 Overall Conclusions 
This research effort was conducted to understand the feasibility of using boron nanoparticles as 
viable fuel additives to low energy biofuel (ethanol). The study had three main parts: (1) 
Verification of boron ignition and combustion of boron nanoparticles in an ethanol spray flame 
(2) Effects of particle size (in the nano scale) on the ignition and combustion characteristics of 
boron nanaparticles and (3) Development of methods for improving boron particle ignition. 
Following are the major accomplishments achieved in this study.    
 This study provided the experimental data to verify the ignition and combustion of boron 
nanoparticles in ethanol spray flame.  
 Detailed particle characterizations [SEM for particle size and morphology, XRD for 
identification of different crystalline phases, BET porosimetry for pore size and pore 
volume distribution, and TGA for elemental boron content] were carried out on each 
particle sample to know the effects of physical/chemical properties on the ignition and 
combustion behavior. 
 One larger size particle sample was synthesized intentionally (applying sintering process 
on commercially available boron nanoparticles) to understand the size-effect on the 
ignition and combustion behaviors. The sintered particles are at least 1.4 times larger in 
diameter and have void spaces that are nearly 6 times larger than SB99 boron particles. 
  BO2 (an important intermediate species in boron ignition and combustion) emission was 
monitored using an ICCD camera and 546 nm bandpass filter which provided the ignition 
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and combustion characteristics of boron nanoparticles. From the BO2 emission intensity 
profiles and the percent (of maximum intensity or area) method, the spatial boundaries of 
the boron combustion stages were determined. 
 Ignition delay times were determined from the BO2 emission intensity profiles 
and particle injection velocity at the injection plane 
  The ignition delay time was significantly lower for smaller size nanoparticles 
(SB99) compared to the larger size sintered nanoparticles, and with the majority 
of the boron combustion accomplished over a shorter axial length for the SB99 
relative to the sintered particles.    
 The analysis of the products of boron combustion clearly indicated that all the raw boron 
in the nanoparticles were almost fully consumed in the combustion process and converted 
to boric acid. This is one of the interesting data for understanding the complete oxidation 
of boron nanoparticles.  
 Ignition delay is considered to be a major problem in boron combustion research. Even 
with the implementation of nano-sized boron particles, the ignition delay has not been 
eliminated completely. This study adopted a method of improving boron ignition by 
coating the boron particles with rare earth oxide catalysts. A simple but general process 
was employed to prepare intimate mixtures which could easily be scaled up to produce 
larger batches. The BO2 chemiluminescence results for catalysts coated boron particles 
showed significant improvement in the ignition behavior of boron. The overall length of 
the flame was also shorter as well for the catalyst coated particles. This effect would be 
quite beneficial for volume limited propulsion systems. 
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 Effort of preparing boron-metal composites aiming at improving boron ignition by 
providing energy boost to the boron particles from the early oxidation of metal additives 
was another key aspect of this study. A different experimental facility was built to carry 
out single droplet combustion of ethanol containing these composite nanoparticles. The 
data suggest that the accelerated ignition of boron can be achieved in presence of metal 
nanoparticles. 
8.2 Benefits of this Study to the Scientific Community 
 This study provided (probably the first) an experimental demonstration of boron 
nanoparticles combustion in a low energy density biofuel (ethanol) flame for utilizing the 
boron nanoparticles as fuel additives to increase energy density. The temperature and CH 
chemiluminescence data of this study suggest that the positive thermal contribution can 
be achieved from boron nanoparticles while combusted with ethanol. 
 According to literature, the effect of particle size on boron ignition and combustion was 
studied mainly for the micron size particles. This study investigated the effects of particle 
size in the nano scale and provided some useful data on ignition characteristics of boron 
nanoparticles with distinct size difference.    
 Improvement of boron ignition was one of the major objectives of this study. A 
significant improvement in the ignition characteristics of boron nanoparticles was 
achieved as the boron particles were ball-milled with rare earth oxide catalysts (20% 
catalyst loading). As per the author’s knowledge there is no other available literature data 
on the ignition characteristics of ceria-coated boron nanoparticles. 
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 Improved ignition characteristics of boron nanoparticles can be achieved when energetic 
metal nanoparticles (Fe, Al and Ti) are added to make boron-metal nanocomposites, 
where the effect of titanium has been significant.   
8.3 Future Work 
In almost all of these research efforts, the nanoparticles were injected by suspending the particles 
in air and released into the ethanol flame, the particles were not directly mixed with ethanol. To 
use the combined fuel of liquid and energetic nanoparticles as practical fuel, the particles need to 
be directly mixed into the liquid fuel. There are several issues which may arise when directly 
mixing particles into liquid fuel and use as practical energy source. To address those issues, 
followings can be recommended as future research efforts. 
 Study the dispersion stability of boron and/or boron-metal composite particles in ethanol 
(or any other liquid fuels of interest). Different surfactants can be explored to add to this 
combined fuel for better dispersion stability. 
 Even after the suitable surfactant is selected, it is important to understand the effects of 
surfactant on the ignition/combustion behavior of the combined fuel 
 One initial test was conducted to see the spray of the boron-loaded ethanol with a 
pressure-orifice atomizer (0.5 mm orifice size). Within a lower % of particle loading 
(<5%), no visible clogging was seen in the atomizers. For higher loadings (~10%), there 
was a change in spray pattern visible. However, these tests were rudimentary. A detailed 
study can be planned to understand the atomization and spray characteristics of liquid 
fuels loaded with boron nanoparticles (with or without surfactants). 
169 
 
 Study the spray combustion of the combined fuels of liquid and energetic nanoparticles. 
This study may provide useful information for high-speed airbreathing applications.    
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APPENDIX A TECHNICAL INFORMATION ON FUSED QUARTZ 
 
 
Taken from Technical Glass product website, 
http://www.technicalglass.com/downloads/TGP_2010_Catalog.pdf 
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Taken from Technical Glass product website, 
http://www.technicalglass.com/downloads/TGP_2010_Catalog.pdf 
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Taken from Technical Glass product website, 
http://www.technicalglass.com/downloads/TGP_2010_Catalog.pdf 
 
 
 
 
 
 
 
 
 
 
 
185 
 
APPENDIX B UV-VIS SPECTRA OF BORON/HYDROCARBON COMBUSTION 
SPECIES 
 
 
 
 
Spectrum of a premixed CH4/air flame seeded with Trimethyl Borate (TMB) 
 (Maligne et al., 2009) 
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Chemiluminescence of BO2  in the range 460–600 nm (Maligne et al., 2009) 
 
 
Emission from the flames detected due to BO2 at ~ 550 nm (Morrison et al., 1969) 
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Emission spectra of boron particles in 400-700 nm range (Eisenreich et al., 1987) 
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APPENDIX C MEASUREMENT DETAILS/PROCEDURES/ANALYSIS 
 
Operational Procedure for Spray Combustor 
 dSPACE is the data acquisition system used for the experiments. Check the dSPACE 
program (working?), if yes, proceed. If not, fix the problem. The dSPACE manuals are 
available in the manual-rack.  
 Turn on the Compressor (located backside of ERAD building). 
 Pressurize the fuel tanks using compressed nitrogen (pressure range~ 170-180 psi). 
 Open the main water taps. 
 Turn on the power supply for flow meters, photodiode and solenoid valves 
 Follow the procedure for turning on the ICCD system (used for chemiluminescence 
measurements) described in the next section 
 Open the valves for primary and secondary air flow. Adjust the required flowrates. 
 Get ready with the Nano-particle delivery system (Keep the same inlet gauge pressure as per 
calibration). The detail description of Nano-particle delivery system is available in Chapter 3. 
 Open the main valves of fuel lines and open the shut-off valves. 
 Run the dSPACE program in ‘simple’ mode. 
 Turn on the ventilation. 
 Turn on the switches for fuel supply and ignite the flame with a propane torch. 
 Open the valve for cooling water. 
 Adjust air/fuel flow rates to reach the required condition (or required equivalence ratio). 
 Change the data acquisition mode from ‘simple’ to ‘stream to disk’ and specify the file where 
the data to be stored and then start again. 
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 Turn on the Sample collection system when required. 
 Turn on the Nano-particle line when required. 
 Start  acquiring CH/BO2 images accordingly using the ICCD camera  
 In case any problem, immediately Turn-off the fuel supply and then check for correction. 
 Once you are done with the experiment, make sure every instrument is properly shut down. 
 Once the combustor get cooled down, turn off the main water line and finally the 
Compressor. 
Operational Procedure for ICCD Camera 
 Two main parts of the PI-MAX are Camera and the Controller. Check for the interface cables 
connected properly or not. 
 Before turning on the camera, turn on the computer (corresponding to the pi-max system) 
 Once the computer is ready, turn on the controller, you will hear some beeping sound for 2-3 
sec-it's normal. If you hear any continuous warning sound, turn off the system immediately 
to avoid further damage. 
 Open the "Pi-Acton" program. Keep the system in "safe mode". 
 Check the detector temperature. It is set for -20º C, and it requires 5-10 min to reach that. 
 Once the "temperature is locked", the system is ready to use. 
 While taking data you need to keep MCU switch "ON" /or else OFF 
 Always keep the system in "safe mode" except when you capture images- it will be in "gate 
mode". 
 For further details, please consult the manual available. 
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